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ABSTRA.CT
DISTRIBUTION PATTERNS AND POPULATION DYNAMICS 
OE POLYPHEMUS PEDICULUS ( L .)  (CRUSTACEA,
CLADOCERA) IN A SMA.LL NEW ENGLAND LAKE
MARK T. MATTSON 
U n iv e r s i ty  o f  New H am psh ire , May, 1979
A s t r a t i f i e d  random sa m p lin g  d e s ig n  was e v a lu a te d  i n  
i t s  a b i l i t y  to  q u a n t i f y  s p a t i a l  and  s e a s o n a l  changes i n  abund­
an ce  o f  th e  p r e d a to r y  c la d o c e r a n ,  Polyphem us p e d ic u iu s  ( L . ) .
A w h o le - la k e  s t r a t i f i e d  d e s ig n  w ith  sam ple  u n i t s  c o n s i s t i n g  
o f  e ig h ty - f o u r  20 m e te r  Clarke-Bum pus tows was more a c c u r a te  
and  p r e c i s e  i n  q u a n t i f y in g  s e a s o n a l  abundance th a n  a  c o n v e n t io n a l  
d e s ig n  o f  e ig h t  150 m e te r  to w s , an d  b e t t e r  r e v e a le d  changes i n  
h o r iz o n ta l  d i s t r i b u t i o n .  U sin g  t h i s  s t r a t i f i e d  d e s ig n ,  th e  
s e a s o n a l  dynam ics and  p a t t e r n s  o f  p a tc h in e s s  o f  th e  Polyphem us 
p o p u la t io n  i n  S to n eh o u se  P ond, B a r r in g to n ,  N. H . , was exam ined 
f o r  two y e a r s ,  1975 and  1976-
S e a so n a l abundance was t y p i f i e d  by  a n  e x p o n e n t ia l  r i s e  
to  a  s p r in g  maximum, fo llo w e d  b y  a n  e x p o n e n t ia l  d e c l in e  to  a  
summer p l a t e a u .  A s l i g h t  s e c o n d a ry  p eak  o c c u r re d  i n  A ugust 
o f  each  y e a r ,  an d  abundance d e c l in e d  to  z e ro  i n  l a t e  f a l l .
T here  w ere two s e x u a l  ( a t  th e  s p r in g  abundance maximum 
and i n  m i d - f a l l )  and  t h r e e  p a r th e n o g e n e t ic  ( e a r l y  s p r i n g ,  a  
lo n g  summer p e r io d ,  and  l a t e  f a l l )  p e r io d s  o f  r e p r o d u c t io n .
ix
G am ogenetic "brood s i z e  was s i g n i f i c a n t l y  s m a l le r  i n  th e  s p r in g  
(2 .1 7  -  0 .4 6 )  th a n  i n  th e  f a l l  (3 .9 6  -  0 .2 3 ) .  The f i r s t  
p a r th e n o g e n e t ic  b ro o d s  i n  th e  s p r in g  from  e x e p h ip p ia l  Polyphem us 
w ere th e  l a r g e s t  i n  each  y e a r .  P a r th e n o g e n e t ic  "brood s i z e  
d e c l in e d  r a p i d l y  to  a  summer p l a t e a u ,  and  in c r e a s e d  a g a in  i n  
th e  f a l l .  I n  th e  s p r in g  and  f a l l ,  b ro o d  s i z e  was i n v e r s e l y  
c o r r e l a t e d  w ith  am b ien t w a te r  te m p e r a tu re ,  and  was a p p a r e n t ly  
u n r e l a t e d  to  p r e y  d e n s i t i e s .  In  th e  summer, b ro o d  s i z e  rem ain ed  
r e l a t i v e l y  unchanged  and  was n o t  c o r r e l a t e d  w ith  ch an g in g  
w a te r  te m p e ra tu re s  o r  p r e y  d e n s i t i e s .
P o p u la t io n  g row th  r a t e s  w ere c h a r a c te r iz e d  p r im a r i l y  
by  changes i n  n a t a l i t y  a s s o c i a t e d  w i th  th e s e  a l t e r n a t i n g  
r e p ro d u c t iv e  m odes. The t im in g  o f  gam ogenesis  w i th  th e  s p r in g  
abundance maximum r e s u l t e d  i n  g r e a t e r  r e s t i n g  egg p ro d u c t io n  
i n  th e  s p r in g  th a n  i n  th e  f a l l .  I n  b o th  s e x u a l  p e r io d s ,  r e s t i n g  
egg p ro d u c t io n  was l a r g e  an d  o c c a s io n a l ly  th e  dom inan t mode 
o f  r e p r o d u c t io n .
In  th e  s p r in g  and  f a l l ,  t h e  t o t a l  Polyphem us p o p u la t io n  
was found  e x tre m e ly  c lo s e  to  s h o r e ,  w h ile  i n  th e  summer i t  was 
p r im a r i l y  l im n e t ic  i n  d i s t r i b u t i o n .  How ever, mean d e n s i t i e s  
w ere u s u a l l y  g r e a t e r  an d  p a tc h e s  w ere t y p i c a l l y  fo u n d  i n  th e  
l i t t o r a l  zo n e . I n  th e  s p r in g  and  f a l l ,  s e v e r a l  p a tc h e s  w ere 
found  on each  d a t e ,  w h ile  i n  th e  summer g e n e r a l l y  one l i t t o r a l  
p a tc h  was s e e n .  P a tc h e s  w ere u s u a l l y  found  on th e  downwind 
s id e  o f  th e  la k e  and  t h e i r  l o c a t i o n  was h ig h ly  c o r r e l a t e d  w ith  
w ind d i r e c t i o n .
R e s u l ts  from  f o u r  d i e l  s tu d i e s  ( d a y -n ig h t- d a y  s a m p lin g )  
r e v e a le d  Polyphem us p a tc h e s  d i s s i p a t e d  an d  th e  l i t t o r a l
x
p o p u la t io n  d i s p e r s e d  h o r i z o n t a l l y  i n t o  th e  l im n e t i c  zone a t  
n i g h t .  T h is  h o r i z o n ta l  d i s p e r s a l  was p a r a l l e l e d  by  v e r t i c a l  
d i s p e r s a l  i n  th e  u p p e r  3 m e te rs  o f  th e  w a te r  colum n.
I n  s i t u  o b s e r v a t io n ,  m ic ro sa m p lin g , an d  p h o to g ra p h y  
i n d i c a t e d  s p r i n g - f a l l  p a tc h e s  w ere a c t u a l l y  s m a l l ,  d en se  
swarms o f  Polyphem us w hich  w ere composed p r im a r i l y  o f  s e x u a l  
i n d i v i d u a l s .  Summer p a tc h e s  w ere more lo o s e ly  o rg a n iz e d  
s h o a ls  o f  Polyphem us an d  w ere composed p r im a r i l y  o f  j u v e n i l e s . 
Swarm an d  s h o a l  c o m p o s itio n  r e f l e c t e d  w h o le - la k e  dynam ics o f  
th e  Polyphem us p o p u la t io n .  A m echanism  i s  p ro p o se d  w hich  
s u g g e s ts  how p a tc h  fo rm a tio n  m ig h t be i n i t i a t e d  by  a b i o t i c  
f a c to r s  an d  m a in ta in e d  by  v i s u a l  c u e s .
SECTION I
GENERAL INTRODUCTION
I t  i s  n o t  d i f f i c u l t  to  o b se rv e  t h a t  t e r r e s t r i a l  p l a n t s  
and  a n im a ls  a r e  r a r e l y  random ly  o r  u n ifo rm ly  d i s t r i b u t e d .  
S p e c i f ic  te rm in o lo g y  e x i s t s  to  d e s c r ib e  a g g re g a t io n s  o f  th e s e  
o rg a n ism s . G roves o f  t r e e s , f lo c k s  o f  b i r d s , and  swarms o f  
b ees  a r e  o f te n  e a s i l y  s e e n .  These c l u s t e r e d  o r  p a tc h y  d i s t r i ­
b u tio n s  o f te n  r e s u l t  from  b e h a v io u r a l  i n t e r a c t i o n s  a n d /o r  th e  
re sp o n s e  o f  th e s e  o rg an ism s to  t h e i r  e n v iro n m e n t. A g g re g a tio n s  
may r e s u l t  from  d i s p e r s a l  m echanism s, o rg an ism s c l u s t e r i n g  
a ro u n d  a  fo o d  s o u rc e  o r  a n  o p tim a l s u b s t r a t e ,  o r  th e y  may 
f u n c t io n  f o r  m a tin g  o r  d e f e n s e .
In  th e  a q u a t i c  e n v iro n m e n t, p a r t i c u l a r l y  f o r  r e l a t i v e l y  
s m a l l ,  p la n k to n ic  o rg a n ism s , sa m p lin g  r e p la c e s  s i g h t  a s  th e  
means f o r  d e s c r ib in g  d i s t r i b u t i o n ,  and  im poses c e r t a i n  b ia s e s  
and  l i m i t a t i o n s  r e f e r r e d  t o  a s  th e  " sa m p lin g  f i l t e r "  (H aury  
e t  a l . ,  M a n u s c r ip t) .  C o n f l i c t in g  v ie w p o in ts  e x i s t e d  i n  th e  
e a r ly  l i t e r a t u r e  c o n c e rn in g  p la n k to n  d i s t r i b u t i o n s .  H ensen 
(1887) b e l ie v e d  p la n k to n  w ere  r e l a t i v e l y  e v e n ly  d i s t r i b u t e d  
in  th e  o ce an , an d  when a g g r e g a t io n s  o c c u r re d  th e y  w ere th e  
r e s u l t  o f  te m p o ra ry  o r  u n u s u a l e n v iro n m e n ta l c o n d i t io n s .
H aeckel (1890) s u g g e s te d  p la n k to n  w ere p a tc h y .  A re v ie w  o f  
th e  l i t e r a t u r e  ( C a s s ie ,  1963) has r e s o lv e d  t h i s  c o n f l i c t  and  
d e m o n s tra te d  p la n k to n  p a tc h in e s s  i s  q u i te  common i n  th e  a q u a t i c  
en v iro n m e n t.
2R ecen t l i t e r a t u r e  re v iew s  r e v e a l  t h a t  s t a t i s t i c a l  
a s p e c ts  o f  p la n k to n  p a tc h in e s s  h av e  b een  th o ro u g h ly  d e s c r ib e d ,  
b u t  th e r e  i s  l i t t l e  in fo r m a t io n  on th e  p a t t e r n s  o f  p a tc h in e s s  
o r  changes o f  t h e s e  p a t t e r n s  i n  s p a c e  and  tim e  (Fasham , 1978; 
H aury e t  a l . ,  M a n u s c r ip t ) . A dvances i n  s a m p lin g  d e s ig n s  and  
equipm ent a r e  n e c e s s a r y  to  p r o v id e  t h i s  in f o r m a t io n .  C o n tin u o u s 
sam p lin g  d e v ic e s  and  s p e c t r a l  a n a ly s i s  te c h n iq u e s  h av e  b een  
p a r t i c u l a r l y  u s e f u l  i n  d e s c r ib in g  p a t t e r n s  o f  p h y to p la n k to n  
d i s t r i b u t i o n  ( c h lo r o p h y l l )  and  t h e i r  r e l a t i o n s h i p  w ith  e n v iro n ­
m en ta l f a c t o r s  su c h  a s  w a te r  c u r r e n t s  o r  th e rm a l d i s c o n t i n u i t i e s  
(Fasham , 1 9 7 8 ) . T hese te c h n iq u e s  hav e  a l s o  b een  a p p l ie d  to  
z o o p lan k to n  (Mackas and  Boyd, 1979) b u t  a r e  l i m i t e d  s in c e  th e y  
can n o t d i s t i n g u i s h  b e tw een  s p e c i e s .
Polyphem us p e d ic u iu s  i s  a  s p e c ie s  o f  f r e s h w a te r  zoo­
p la n k to n  c o n s id e re d  to  be  p a tc h y ,  b u t  i t s  d i s t r i b u t i o n  has 
n o t  b een  q u a n t i t a t i v e l y  s tu d i e d .  In  t h i s  t h e s i s ,  a  s t r a t i f i e d  
random sam p lin g  d e s ig n  i s  a p p l i e d  to  th e  s tu d y  o f  a  la k e  
p o p u la t io n  o f  t h i s  p r e d a to r y  m ic ro c ru s ta c e a n .  T h is  d e s ig n ,  
w hich u t i l i z e s  in fo r m a t io n  a b o u t p o p u la t io n  d i s t r i b u t i o n  to  
o b ta in  p r e c i s e  e s t im a te s  o f  i t s  a b u n d an c e , i s  com pared i n  
S e c t io n  I I  t o  a  more " c o n v e n t io n a l"  sam p lin g  schem e i n  i t s  
a b i l i t y  to  q u a n t i f y  s e a s o n a l  changes in  Polyphem us abundance 
and d i s t r i b u t i o n .  S e c t io n  I I I  d e s c r ib e s  s e a s o n a l  changes in  
p o p u la t io n  a b u n d an ce , c o m p o s it io n , and  g ro w th  s t a t i s t i c s .  In  
S e c t io n  IV , sam p lin g  and  i n  s i t u  o b s e rv a t io n s  a r e  u s e d  to  
exam ine te m p o ra l an d  s p a t i a l  p a t t e r n s  o f  d i s t r i b u t i o n  i n  th e  
Polyphem us p o p u la t io n ,  an d  p o s s i b l e  f a c t o r s  r e s p o n s ib le  f o r  
th e s e  p a t t e r n s .  C om parisons can  be  made b e tw een  w h o le - la k e
p o p u la t io n  e v e n ts  ( S e c t io n  I I I )  and  p a tc h  phenomena (S e c t io n  
IV ). T h is  d e s c r i p t i o n  o f  Polyphem us d i s t r i b u t i o n  p a t t e r n s  
and  c o n s id e r a t io n  o f  th e  f u n c t io n s  o f  a g g r e g a t io n s  may b e  u s e d  
f o r  co m p ariso n  w i th  o rg an ism s i n  o th e r  s y s te m s .
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SECTION I I
EFFECT OF SAMPLING DESIGN ON DETECTION OF SEASONAL 
CHANGE IN HORIZONTAL DISTRIBUTION AND ABUNDANCE 
ESTIMATES OF POLYPHEMUS PEDICULUS (L .)
1 . •I n t r o d u c t io n
Z o o p lan k to n  p a tc h in e s s  can  b e  s tu d i e d  a s  b o th  a 
phenomenon and  a  f a c t o r  i n f lu e n c in g  th e  p r e c i s i o n  o f  p o p u la t io n  
e s t im a te s .  As a  phenom enon, p a tc h in e s s  o r  o v e r - d i s p e r s io n  o f 
zo o p la n k to n  p o p u la t io n s  i s  g e n e r a l l y  c o n s id e re d  t y p i c a l  o f  
p la n k to n  i n  a  w ide v a r i e t y  o f  tim e  and  s p a c e  s c a l e s  ( C a s s ie ,  
1963; H aury  e t  a l . , M a n u s c r ip t) .  However, sa m p lin g  program s 
f o r  s e a s o n a l  abundance an d  p o p u la t io n  dynam ics a r e  o f te n  more 
a p p r o p r ia te  f o r  ■uniform o r  u n d e r - d is p e r s e d  p o p u la t io n s  th a n  
f o r  th e  a d m i t te d ly  p a tc h y  z o o p la iik to n . R a re ly  a r e  c o n f id e n c e  
l i m i t s  p la c e d  a b o u t f i e l d  p o p u la t io n  e s t im a te s ,  b e c a u se  o f  a  
la c k  o f  r e p l i c a t e  s a m p lin g  o r  p e rh a p s  b ec au se  th e  com puted 
v a r ia n c e  g e n e r a l l y  exceeds th e  mean p o p u la t io n  d e n s i t y ,  w hich  
i s  i t s e l f  a  co n seq u en ce  o f  o v e r - d i s p e r s io n  (W iebe and  H o lla n d , 
1 9 6 8 ). W ith o u t c o n f id e n c e  l i m i t s  o r  some e s t im a te  o f  e r r o r ,  
i t  becomes d i f f i c u l t  t o  i n t e r p r e t  s e a s o n a l  abundance c u rv e s .
A re th e  d i f f e r e n c e s  b e tw een  sa m p lin g  d a te s  due t o  a  r e a l  change 
i n  p o p u la t io n  n u m b ers , o r  a r e  th e y  due to  s p a t i a l  changes in  
zo o p lan k to n  d i s t r i b u t i o n  and  t h e i r  e f f e c t  on sa m p lin g  e r r o r ?
S e v e r a l  r e f e r e n c e s  hav e  d e s c r ib e d  p o s s i b l e  s o u rc e s  o f  
e r r o r  i n  p la n k to n  sam p lin g  ( e . g .  C a s s ie ,  1971; H aury  e t  a l . ,
4
M a n u sc r ip t; UNESCO, 1 9 6 8 ) , in c lu d in g  m e c h a n ic a l a s p e c ts  o f  
th e  sam p lin g  d e v ic e ,  su h sa m p lin g , d a ta  a n a l y s i s ,  and  sa m p lin g  
d e s ig n .  T hese s o u rc e s  o f  e r r o r  m ust he  e v a lu a te d  b e f o re  an y  
a t te m p t i s  made to  i d e n t i f y  and  i n t e r p r e t  th e  u n d e r ly in g  
b io l o g i c a l  p a t t e r n .  E r ro r s  i n  s a m p lin g  d e s ig n  a r e  o f te n  th e  
m ost d i f f i c u l t  t o  e v a lu a te ,  b e c a u se  g e n e r a l l y  no means o f  
e v a lu a t in g  th e s e  e r r o r s  a r e  in c o r p o r a te d  i n  th e  d e s ig n .
A s t r a t i f i e d  random  sa m p lin g  d e s ig n  a p p e a rs  t o  be  
m ost d i r e c t l y  a p p l i c a b le  t o  th e  p ro b lem s o f  sa m p lin g  f r e s h w a te r  
sy stem s ( C a s s ie ,  1971) f o r  i t  p ro v id e s  a  d e s ig n  by  w hich  one 
can s im u l ta n e o u s ly  o b ta in  p o p u la t io n  abundance e s t im a te s  and  
s tu d y  th e  d i s t r i b u t i o n  o f  th e  sam pled  o rg a n ism s . T h is  work 
r e p r e s e n ts  p a r t  o f  a  s tu d y  to  exam ine f e e d in g ,  p a t c h in e s s ,  and  
p o p u la t io n  dynam ics o f  th e  p r e d a to r y  c la d o c e ra n ,  Polyphem us 
p e d ic u iu s  ( L . ) .  The p u rp o se  o f  t h i s  s e c t io n  i s  to  e v a lu a te  
th e  p e rfo rm a n ce  o f  s t r a t i f i e d  random sa m p lin g  w ith  r e s p e c t  to  
" c o n v e n tio n a l"  s am p lin g  schem es i n  t h e i r  a b i l i t y  to  q u a n t i f y  
s e a s o n a l  p o p u la t io n  a b u n d an ce . S e c o n d ly , t h e r e  i s  some q u es­
t i o n  i n  th e  l i t e r a t u r e  a s  to  th e  e x a c t  s p a t i a l  a f f i n i t y  o f  
Polyphem us. T y p ic a l ly ,  th e  Polyphem us p o p u la t io n  i s  c o n s id e re d  
to  be l i t t o r a l  i n  d i s t r i b u t i o n  (A x e lso n , 1961; B u to r in a ,  1963, 
1969; H u tc h in so n , 1967; L in d s tro m , 1 9 5 2 ) . How ever, Polyphem us 
p a tc h e s  have b een  r e p o r t e d  a  g r e a t  d i s t a n c e  from  s h o r e ,  e .g .  
two m ile s  from  s h o re  i n  Lake M ich igan  (W e lls , I 9 6 0 ) .  O th e r 
i n v e s t i g a t o r s  r e p o r t i n g  th e  l im n e t ic  o c c u r re n c e  o f  Polyphem us 
in c lu d e  .K ikuchi (1 9 3 0 , 1937) and McNaught (1 9 6 6 ) . The im p o r t­
an ce  o f  th e s e  two la k e  re g io n s  was d e te rm in e d  u s in g  a  w h o le - la k e  
s t r a t i f i e d  sa m p lin g  d e s ig n .
2 . M a te r ia l  and  M ethods
A. S tu d y  S i t e
S to n eh o u se  Pond i n  s o u th e a s te r n  New H am psh ire , U .S .A . 
(4-3°12' N, 7 1 °0 6 ' ¥ )  was s e l e c t e d  a s  th e  s tu d y  s i t e ,  p r im a r i l y  
"because in fo r m a t io n  e x i s t e d  on i t s  z o o p la n k to n  ( P e r r a n t e ,  197^) 
w hich in d i c a t e d  a  r e l a t i v e l y  l a r g e  Polyphem us p e d ic u iu s  p o p u la ­
t i o n ,  and  f o r  l o g i s t i c s  su c h  as la k e  m orphom etry an d  p ro x im ity .  
I t  i s  a  g l a c i a l  k e t t l e  l a k e ,  w ith  a  s m a ll  w a te rsh e d  o f  m ixed 
d ec id u o u s and  c o n i f e r  f o r e s t ,  and  i s  s l i g h t l y  d y s t r o p h ic .
F ig u re  I I - l  sum m arizes th e  r e s u l t s  o f  a  s u rv e y  and  so u n d in g  
o f S to n eh o u se  Pond a t  th e  s p r in g  h ig h  w a te r  p e r io d  i n  May, 1975. 
A d d i t io n a l  p h y s ic a l ,  c h e m ic a l, and  b i o l o g i c a l  in fo r m a t io n  may 
be found  i n  F e r r a n te  (1 9 7 ^ )-
B. P i l o t  S u rv ey
On th r e e  o c c a s io n s  i n  l a t e  summer and  e a r l y  f a l l ,  197^, 
S to n eh o u se  Pond was sam p led  u s in g  an  u n m ete red  n e t  to  o b ta in  
p r e l im in a r y  in fo rm a tio n  on th e  d i s t r i b u t i o n  and  d e n s i ty  o f  
Polyphem us f o r  s u b se q u e n t u s e  i n  im p lem en tin g  a  s t r a t i f i e d  
random sam p lin g  d e s ig n .  T h is  s u rv e y  r e v e a le d  th e  g r e a t e s t  
d e n s i t i e s  o f  Polyphem us w ere i n  th e  to p  m e te r  o f  w a te r  i n  th e  
l i t t o r a l  r e g io n .  No Polyphem us w ere c o l l e c t e d  below  th r e e  
m e te rs  o f  d e p th ,  and  o n ly  a  few  in d iv id u a l s  w ere c o l l e c t e d  in  
th e  c e n te r  o f  th e  l a k e .
C. The S t r a t i f i e d  Random S am pling  D esig n
The lo g i c  o f  s t r a t i f i e d  random sa m p lin g  i s  t o  u t i l i z e  
in fo rm a tio n  a b o u t a  h e te ro g e n e o u s  p o p u la t io n  to  d iv id e  i t  i n t o  
i n t e r n a l l y  homogeneous s u b p o p u la t io n s .  E s t im a te s  o f  th e  t o t a l
7F ig .  I I - l .  B a th y m e tr ic  map o f  S to n eh o u se  P ond, B a r r in g to n ,
New H am psh ire , USA, b a se d  on a  s u rv e y  an d  so u n d in g  
i n  May, 1975-
STONEHOUSE POND 
B arrington , N ew  Ham pshire
<5 U o
Scale  in M e te n  
C on tou r in te rva l - 3  M eters 
1 9 7 5 -7 6
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9number ( o r  mean d e n s i ty )  o f  o rgan ism s i n  eacb  s u b p o p u la t io n  
o r  s t r a tu m  a r e  th e n  w e ig h te d  b y  t h e i r  r e p r e s e n t a t i v e  p ro p o r ­
t i o n  o f  th e  t o t a l  sy s te m , and  an  e s t im a te  o f  th e  t o t a l  
p o p u la t io n  ( o r  w e ig h te d  mean d e n s i ty )  can  b e  q u a n t i f i e d .
S uccess a t  p a r t i t i o n i n g  o r  s t r a t i f y i n g  th e  la k e  i n t o  homo­
geneous s u b p o p u la t io n s  r e s u l t s  i n  an  in c r e a s e  i n  p r e c i s i o n  
o f  th e  e s t im a te  o v e r  a  c o r re s p o n d in g  e s t im a te  from  random ly  
lo c a te d  sam ples (C o ch ran , 1 9 7 7 )- The e x i s te n c e  o f  s e v e r a l  
n a tu r a l  s t r a t a  can  b e  u se d  t o  p a r t i t i o n  a  la k e  i n t o  p o t e n t i a l l y  
homogeneous s e c t i o n s ,  e . g .  h o r i z o n t a l l y  i n t o  l i t t o r a l  and  
l im n e t i c ,  and  v e r t i c a l l y  i n t o  th e  th e rm a l s t r a t a .  F o r  th e  
same num ber o f  s a m p le s , a  s t r a t i f i e d  d e s ig n  w i l l  g e n e r a l l y  
g iv e  a  m ore p r e c i s e  e s t im a te  o f  p o p u la t io n  s i z e  th a n  a  random  
d e s ig n , even  i f  th e  s t r a t a  a r e  a r b i t r a r i l y  s e l e c t e d  ( B a r r e t t  
and  N u t t ,  1975; C ochran , 1 9 7 7 ) . T h is  c h a r a c t e r i s t i c  o f  
s t r a t i f i e d  s a m p lin g  i s  p a r t i c u l a r l y  a p p e a l in g  s in c e  b o u n d a r ie s  
betw een  la k e  re g io n s  can  b e  somewhat a r b i t r a r y .  I n  an  
e x tre m e ly  p a tc h y  p o p u la t io n  o f  z o o p la n k to n , i f  p a r t  o f  th e  
same p a tc h  o c c u p ie d  two a d ja c e n t  s t r a t a ,  a  p r e c i s e  e s t im a te  
o f  p o p u la t io n  s i z e  c o u ld  be  o b ta in e d  i f  th e  g r e a t e s t  sa m p lin g  
v a r i a b i l i t y  was c o n ta in e d  w i th in  a  s m a ll  p o r t i o n  o f  th e  l a k e .
D. Im p lem en tin g  th e  S t r a t i f i e d  D esign  -  S p a t i a l  a s p e c ts  
V is u a l  o b s e r v a t io n s ,  p i l o t  s u rv e y  in fo r m a t io n ,  and  
m orphom etric  d a ta  w ere u s e d  to  s t r a t i f y  S to n eh o u se  Pond. The 
th r e e  m e te r  d e p th  c o n to u r  ( F ig .  I I - l )  was u se d  t o  p a r t i t i o n  
th e  la k e  h o r i z o n t a l l y  i n t o  l i t t o r a l  an d  l im n e t ic  s e c t i o n s .  
A lth o u g h  t h i s  d i v i s i o n  i s  somewhat a r b i t r a r y ,  i t  c o r re sp o n d s
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c lo s e ly  to  s e v e r a l  n a t u r a l  b o u n d a r ie s ,  i n c lu d in g  th e  to p  o f  
tb e  th e rm o c lin e  ( P e r r a n t e ,  1 9 7 4 ), th e  d e p th  to  w hich  l i t t o r a l  
m acrophy tes  o c c u r ,  and  th e  d e p th  above w hich  a l l  Polyphem us 
were o b se rv e d  i n  th e  p i l o t  s u rv e y .  The l i t t o r a l  r e g io n  was 
d iv id e d  i n t o  s i x  h o r i z o n ta l  s e c t i o n s ,  b a s e d  on compass p o i n t s ,  
b o ttom  m orphom etry , an d  s h o r e l i n e  f e a tu r e s  ( P ig .  I I - 2 ) .
S e c t io n  a r e a s  and  volum es w ere d e te rm in e d  from  a  s u rv e y  map 
by p la n im e try  (L in d , 1 9 7 4 ) . T a b le  I I - l  sum m arizes th e  p h y s ic a l  
p r o p e r t i e s  o f  th e s e  la k e  s e c t i o n s .  S in c e  th e  e n t i r e  l i t t o r a l  
zone i s  o n ly  4 .5  % o f  th e  t o t a l  la k e  vo lum e, an d  o n ly  1 1 .8  % 
o f th e  e p i l im n e t i c  volum e (T a b le  I I - l ) ,  i t  w ould n o rm a lly n o t 
be n e c e s s a r y  to  p a r t i t i o n  i t .  How ever, p i l o t  s u rv e y  r e s u l t s  
and a  d e s i r e  t o  u se  th e s e  d a ta  as a  b a s i s  f o r  a  s tu d y  o f  
tem p o ra l an d  s p a t i a l  a s p e c t s  o f  Polyphem us a g g r e g a t io n  b e h a v io u r  
w a rra n te d  s u b d iv i s io n  o f  t h e  l i t t o r a l .  I n c r e a s in g  th e  num ber 
o f  s e c t io n s  can  in c r e a s e  p r e c i s i o n  (C o ch ran , 1977)? and. th e r e  
i s  a  g a in  i n  a b i l i t y  to  d e s c r ib e  d i s t r i b u t i o n .  U sin g  t h i s  
same r e a s o n in g ,  e ach  h o r i z o n ta l  la k e  s e c t io n  ( P ig .  I I - 2 )  was 
d iv id e d  i n t o  t h r e e  v e r t i c a l  s t r a t a ,  0 to  0 .2 5  M ., 0 .2 5  M. to  
1 .0  M, and  1.0M . t o  5.0M. A l l  l i t t o r a l  tow s w ere ta k e n  a t  an  
o b liq u e  a n g le  t o  th e  s h o r e l i n e  from  th e  s h o re  o u t ,  e x c e p t i n  
s e c t io n s  5 and  5 w here sam p lin g  was on an  o v e r la p p in g  g r id .  
L im n e tic  s e c t i o n  7 tow s w ere ta k e n  from  a  c e n t r a l  buoy  to w ard s  
sh o re  ( P ig .  I I - 2 ) .
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3?ig. I I - 2 .  Lake s e c t io n s  and  tow  lo c a t io n s  f o r  s t r a t i f i e d  
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T ab le  I I - l .  M orphom etric  d a ta  on s e c t io n s  o f  S to n e h o u se  Pond.
L i t t o r a l
S e c t io n
Volume (M^) S u rfa c e  
A rea (M^)
P e rc e n t  o f  
T o ta l  Volume
1 24-50 I 860
2 2175 1650
3 2 0 8 0 1750
4 2990 2 2 0 0
5 5 6 2 0 3400
6 3255 2 1 0 0
L i t t o r a l
T o ta l 18570 1 2 9 6 0 4 .3  %
L im n e tic
S e c t io n
0 to  3 Mo 1 3 8 8 0 0 46000 3 2 .4  f,
Below 3 M. 271500 46000 6 3 . 3  fo
L im n e tic
T o ta l 4-10300 46ooo 95-7 fo
Lake
T o ta l 428870 5 8 9 6 0 100 .0  %
E p ilim n io n (Above 3 M. d e p th )  = 3 6 . 6  fo  o f  t o t a l  
la k e  v o lu m e.
L i t t o r a l  = 1 1 .8  fo  o f  E p i l im n e t ic  volum e.
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E. Im p lem en tin g  th e  S t r a t i f i e d .  D esign  -  Tem poral A sp e c ts  
S to n eh o u se  Pond was sam p led  th ro u g h o u t  1975 an d  1976 .
In  th e  p e r io d  o f  i c e  c o v e r  (D ecem ber to  A p r i l )  12 v e r t i c a l  
h a u ls  w ere ta k e n  a t  m o n th ly  i n t e r v a l s  w ith  a  30 cm. d ia m e te r  
80 p. n e t  (10 l i t t o r a l  and  2 l im n e t ic  s a m p le s ) .  I n  th e  i c e  
f r e e  p e r io d ,  th e  i n t e r v a l  b e tw een  sa m p lin g  d a te s  v a r i e d  
be tw een  5 an d  12 d a y s , an d  was c l o s e s t  i n  p e r io d s  o f  r a p id  
p o p u la t io n  change (S p r in g  and  E a l l ) .  On a  g iv e n  sa m p lin g  
d a te ,  a l l  sam ples w ere c o l l e c t e d  b e tw een  0900 and  1800 DST. 
D a ily  v a r i a t i o n  i n  p o p u la t io n  e s t im a te s  was exam ined on two 
d a te s  i n  e ach  o f  th e  two y e a r s  i n  t h i s  s tu d y .  On th e s e  
o c c a s io n s , th e  la k e  was sam p led  d u r in g  th e  f i r s t  d ay , t h a t  
n i g h t ,  an d  th e  fo l lo w in g  d ay . W ith in  a  sa m p lin g  d a t e ,  la k e  
s e c t io n s  w ere sam pled  i n  a  random se q u e n ce  i n  t im e .  W ith in  
each  s e c t i o n ,  sam p les  w ere c o l l e c t e d  from  f ix e d  lo c a t io n s  
(F ig .  I I - 2 )  i n  a  random  se q u e n c e  i n  t im e .  A l l  random se q u en ce s  
w ere com puter g e n e r a te d .  T hus, a l th o u g h  t h i s  was a  s t r a t i f i e d  
random sa m p lin g  d e s ig n ,  sam p les w ere f ix e d  o r  s y s te m a t ic  i n  
sp a c e  an d  random i n  t im e .  F ix e d  s p a t i a l  l o c a t io n s  w ere n e c e s ­
s a r y  t o  r e c o n s t r u c t  p a t t e r n s  o f  z o o p la n k to n  d i s t r i b u t i o n .
F . A l lo c a t io n  o f  S t r a t i f i e d  Sam ples
A Neyman A l lo c a t io n  m ethod ( B a r r e t t  and  N u t t ,  1975) 
was u s e d  to  a l l o c a t e  sam p les  t o  la k e  s e c t i o n s .  E ig h ty - f o u r  
sam ples w ere a l l o c a t e d  th ro u g h o u t th e  la k e  i n  d i r e c t  p r o p o r t io n  
to  la k e  s e c t io n  volum e an d  th e  c o r re s p o n d in g  s ta n d a r d  d e v ia t io n  
a s  e s t im a te d  i n  th e  p i l o t  s u rv e y .  W ith  t h i s  m ethod , 2 - 6  
sam ples w ere a l l o c a t e d  to  each  la k e  s e c t i o n .  T hree  a d d i t i o n a l
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sam ples w ere c o l l e c t e d  on each  s a m p lin g  d a te  i n  th e  l im n e t i c  
zone below  3 m e te rs  o f  d e p th ,  a l th o u g h  n o t  r e q u i r e d  by  Neyman 
A l lo c a t io n .  S in c e  Polyphem us w ere n e v e r  c o l l e c t e d  i n  th e s e  
deep l im n e t ic  s a m p le s , th e y  w ere n o t  u s e d  i n  s u b se q u e n t 
c a l c u l a t i o n s .  P r o c e s s in g  t im e  f o r  one sam ple  was a p p ro x im a te ly  
5 m in u te s ,  an d  in c lu d e d  to w in g  t im e ,  r i n s i n g  and  p r e s e r v a t i o n ,  
and p o s i t i o n i n g  to  ta k e  th e  n e x t  s a m p le . The e s t im a te d  
sam p lin g  tim e  was 7 h o u rs  an d  15 m in u te s  (@ 5 m in u te s /s a m p le ) ,  
b u t i n  p r a c t i c e  th e  e n t i r e  87 s t r a t i f i e d  sam p les  c o u ld  be  
c o l l e c t e d  i n  6 h o u r s . The p o s s i b i l i t y  t h a t  th e  p o p u la t io n  
changed i t s  d i s t r i b u t i o n  w i th in  t h i s  s a m p lin g  p e r io d  i s  
e v a lu a te d  b e lo w .
G. S am pling  A p p a ra tu s
Two C larke-Bum pus (CB) m e te re d  p la n k to n  n e t s  (C la rk e  
and Bumpus, 1950) w ith  1 2 .5  cm. d ia m e te r  o p en in g s  and  151 p*
N ite x  n e t s  w ere u se d  f o r  q u a n t i t a t i v e  s a m p lin g . S e v e ra l  
m o d if ic a t io n s  o f  th e  b a s ic  CB sy s te m  w ere u se d  to  in c r e a s e  
sam p lin g  e f f i c i e n c y  ( P ig .  I I - 3 )  , an d tw o d ep th s  a t  a  f ix e d  
lo c a t io n  c o u ld  be  sam p led  s im u l ta n e o u s ly .  The p i v o t a l  
mechanism  ( P ig .  I I - 3 )  was m ounted i n  th e  bow o f  th e  b o a t  to  
m in im ize p o s s i b l e  a v o id a n c e  r e a c t io n s  to  th e  b o a t  shadow by  
zo o p la n k to n  ( C l u t t e r  an d  A n rak u , 1 9 6 8 ) , an d  tows w ere made 
a t  a  n e a r  maximum r a t e  o f  120 m e te r  r e v o lu t io n s /m in u te s . N et 
m e te r  u n i t s  w ere c a l i b r a t e d  a c c o rd in g  t o  th e  m ethods o f  
Y en tsch  an d  D uxbury (1956) and  a c c e p te d  86 -  92 % o f  th e  
w a te r  i n  a  50 m e te r  to w . C a l ib r a t i o n  v a lu e s  w ere checked  
i n  s i t u  a t  t h e  s t a r t  o f  e ach  sa m p lin g  d a te  and  v a r i e d  l e s s
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P ig .  I I - 3 .  C larke-B um pus m e te r  u n i t s  and. n e t s ,  0 .5  M. a p a r t ,  
a t t a c h e d  to  a 3*5 M. alum inum  p o le  and  m ounted on 
a  p i v o t a l  m echanism  i n  th e  how o f  "boat. Tow 
se q u e n c e : 1 . P r i o r  to  s a m p lin g , n e t  s h u t t e r s
w ere opened and  n e t s  w ere h e ld  i n  BEADY p o s i t i o n .
2 . When "boat moved i n t o  sa m p lin g  l o c a t i o n ,  n e t s  
w ere r e l e a s e d  an d  a llo w e d  to  p iv o t  i n t o  SAMPLE 
p o s i t i o n .  3- S h u t t e r s  w ere c lo s e d  im m e d ia te ly  
upon c o m p le tio n  o f  a  tow  and  n e t s  p iv o te d  i n t o  
EINSE p o s i t i o n .  N ets  w ere r in s e d  from  th e  o u t s id e  
w ith  la k e w a te r ,  an d  t h e i r  c o n te n ts  em p tied  from  
q u ic k - d r a in  b u c k e ts  i n t o  sam ple  v i a l s  w ith  p r e s e r ­
v a t i v e .  4 .  Wets w ere r e tu r n e d  to  BEADY p o s i t i o n  






th a n  2 % b e tw een  d a t e s .  The s ta n d a r d  sa m p lin g  u n i t  was a  20 
m e te r  tow , w hich  was m easu red  a s  20 seco n d s  on a  s to p w a tc h  
a t  a  to w in g  r a t e  o f  1 m e te r /s e c o n d ,  an d  v a r i e d  i n  volum e 
betw een 199 and  225 l i t e r s .  A l l  sam p les w ere p r e s e r v e d  i n  
4 % f o rm a l in - s u c r o s e  (Haney and  H a l l ,  1 9 7 3 ).
Z o o p lan k to n  c o u ld  p o s s ib ly  be  c au g h t i n  th e  b o tto m  
n e t  a s  i t  was lo w ered  open to  th e  s a m p lin g  d e p th .  T h is  
p o t e n t i a l  s o u rc e  o f  e r r o r  was e v a lu a te d  by  lo w e r in g  th e  open 
n e ts  to  th e  SAMPLE p o s i t i o n  ( P ig .  I I - 3 )  and  c lo s in g  them  
im m e d ia te ly . M ete r r e v o lu t io n s  and  sam ple  c o n te n ts  r e s u l t i n g  
from  t h i s  t e s t  i n d i c a t e d  t h a t  c a r ry o v e r  o f  z o o p la n k to n  d id  
n o t  o c c u r  and  w a te r  was n o t  f i l t e r e d  -u n ti l  th e  ro d  h o ld in g  
th e  n e ts  was v e r t i c a l  i n  th e  SAMPLE p o s i t i o n .
H. C om parison o f  S am pling  D esig n s an d  C o m p u ta tio n a l 
P ro c e d u re
The fo l lo w in g  sa m p lin g  d e s ig n s  w ere com pared f o r  30 
c o n s e c u tiv e  s a m p lin g  d a te s  (Ju n e  19 , 1975 -  Jn n e  9 ,  1976) to  
c o v e r th e  ra n g e  o f  v a r i a t i o n  e n c o u n te re d  i n  a n  e n t i r e  s e a s o n :
1 . S t r a t  84  -  The s t r a t i f i e d  random  sa m p lin g  d e s ig n  o u t l in e d
a b o v e .
2 . I n te g  8 -  P ou r 150 m e te r  lo n g  tandem  CB tows w ere ta k e n
i n  th e  f i r s t  h o u r  o f  each  sam p lin g  d a t e .
T h ree  o f  th e s e  i n t e g r a t e d  tows w ere lo c a te d  
i n  random ly  s e l e c t e d  l i t t o r a l  s e c t i o n s ,  and  
one tow  i n  th e  l im n e t ic  s e c t i o n ,  y ie ld in g  
e ig h t  sam p les  p e r  d a te .
3. S t r a t  8 -  A s u b s e t  o f  e ig h t  sam p les was s e l e c t e d  from
th e  S t r a t  84  sam ples w hich  c o rre sp o n d e d  to
th e  l o c a t i o n  o f  th e  I n te g  8 s a m p le s .
The S t r a t  84 and  I n te g  8 d e s ig n s ,  t h e r e f o r e ,  p ro v id e d  two
in d e p e n d e n t e s t im a te s  o f  Polyphem us p o p u la t io n  s i z e  f o r  each
sam p lin g  d a t e .  Prom each  o f  th e s e  t h r e e  d e s ig n s ,  w e ig h te d
and u n w e ig h te d  e s t im a te s  o f  p o p u la t io n  s i z e  w ere c a l c u l a t e d
a c c o rd in g  to  th e  fo rm u lae  o f  B a r r e t t  and  N u tt  (1975) and
Cochran (1 9 7 7 )-  U nw eighted  e s t im a te s  w ere b a se d  on th e  s im p le
_  n  _
a r i th m e t i c  mean d e n s i t y ,  X = Z. X ., w here X i s  th e  mean
d = i  J
d e n s i ty ,  X. i s  th e  Polyphem us d e n s i ty  i n  th e  g t h  sam p le , d
and  n  i s  th e  t o t a l  num ber o f  sam p les  c o l l e c t e d  i n  th e  d e s ig n .
W eighted  o r  s t r a t i f i e d  e s t im a te s  w ere b a se d  on th e  s t r a t i f i e d
mean d e n s i t y ,  X w hich i s  th e  sum o f  th e  a r i t h m e t i c  mean
d e n s i t i e s  i n  each  la k e  s e c t io n  ( s t r a tu m )  w e ig h te d  by  th e
p r o p o r t io n  o f  th e  w hole la k e  fo u n d  i n  each  s e c t io n  a c c o rd in g
1 N -to  th e  fo rm u la  X , = ■> w here N- i s  th e  volum e o f  th e
i = l  N 1 _
i  t h  la k e  s e c t i o n ,  N i s  th e  volum e o f  th e  w hole l a k e ,  X^ i s  th e
a r i th m e t i c  mean d e n s i ty  o f  Polyphem us i n  th e  i  t h  la k e  s e c t i o n ,
and  1 i s  th e  num ber o f  s e c t io n s  i n  th e  l a k e .  The t o t a l
Polyphem us p o p u la t io n  s i z e  was th e n  c a l c u l a t e d  by  m u l t ip ly in g
th e  w e ig h te d  o r  u n w e ig h ted  mean d e n s i t y  by  N.
T hese d a ta  p ro v id e d  th e  b a s is  f o r  a  s p l i t - p l o t
a n a ly s i s  o f  v a r ia n c e  (AUOVA) co m p ariso n  o f  w e ig h tin g  m ethod
(m ain p l o t s ) ,  s a m p lin g  d e s ig n — volum e and  num ber o f  sam ples
( s u b p l o t s ) ,  an d  sam p lin g  d a te  ( b lo c k s )  and  t h e i r  e f f e c t  on
a c c u ra c y  and  p r e c i s i o n  o f  p o p u la t io n  e s t i m a t e s . A ccu racy
was com pared by AITOVA and  D u n can 's  M u lt ip le  Range T e s t  f o r
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mean s e p a r a t i o n  on u n tra n s fo rm e d  p o p u la t io n  s i z e  e s t im a te s .  
P r e c i s io n  was com pared b y  AITOVA an d  D u n can 's  T e s t  on 95 % 
C onfidence  I n t e r v a l  ( C . I . )  w id tb  e x p re s s e d  a s  a  p e rc e n ta g e  
o f  th e  t o t a l  p o p u la t io n  s i z e .  T h is  m easu re  o f  p r e c i s i o n  i s  
commonly u se d  i n  f o r e s t r y  ( P r e e s e ,  1962) and  was u se d  h e re  
as a  c o e f f i c i e n t  o f  v a r i a t i o n .
To e l im in a te  su b sa m p lin g  e r r o r ,  each  sam ple  from  th e  
s t r a t i f i e d  d e s ig n  ( S t r a t  8 an d  S t r a t  84 s a m p le s )  was co u n te d  
i n  i t s  e n t i r e t y  i n  a  g r id d e d  p e t r i  d i s h  u n d e r  a  d i s s e c t i n g  
m ic ro sc o p e . C are was ta k e n  t o  c o u n t o n ly  in d iv id u a l s  w hich  
w ere v i a b l e  a t  th e  tim e  o f  c o l l e c t i o n  an d  n o t  embryos w hich  
had b een  e x p e l le d  from  b ro o d  p o u c h e s . The e n t i r e  c o n te n ts  
o f  th e  I n te g  8 sam ples w ere c o u n te d  i f  num bers w ere l e s s  th a n  
300, o r  su b sam p led  u s in g  th e  H en sen -S tem p el P i s to n  P i p e t t e  
m ethod (S ch w o e rb e l, 1 9 7 0 ). S u b sam p lin g  e r r o r  b y  t h i s  m ethod 
was random (C h i-S q u a re  t e s t  p > 0 . l )  an d  v a r i e d  b e tw een  7 and 
11 % o f  th e  t o t a l  s a m p lin g  v a r i a n c e .
A l l  d a ta  a n a ly s e s  w ere p e rfo rm e d  on a  D i g i t a l  E le c ­
t r o n i c s  C o rp o ra t io n  DEC-10 com pu ter sy s te m  w ith  BASIC program s 
w r i t t e n  by  th e  a u th o r  o r  m o d if ie d  b y  th e  a u th o r  from  B a r r e t t  
and N u tt (1 9 7 5 ) . £n p l o t t i n g  g rap h s  on a  log^Q s c a l e  ( P ig s .  
I I - 4 ,  I I - 5 B ,  I I - 6B ) , 1 was ad d ed  to  a l l  v a lu e s  t o  e l im in a te  
zero  and  n e g a t iv e  lo g a r i th m s  (C o le b ro o k , 1 9 7 7 ).
3 . R e s u l ts  an d  D is c u s s io n
P ig u re  I I - 4  sum m arizes th e  co m p ariso n  o f  s i x  m ethods 
o f  e s t im a t in g  t o t a l  Polyphem us p o p u la t io n  s i z e .  P o r  c l a r i t y  
o f  p r e s e n t a t i o n  c o n f id e n c e  l im ts  w ere n o t  p la c e d  on t h i s  g ra p h .
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P ig .  I I -4 - .  C om parison o f  s i x  m ethods f o r  c a l c u l a t i n g  th e  t o t a l  
Polyphem us p o p u la t io n  i n  S to n eh o u se  P ond, f o r  30 
c o n s e c u t iv e  sa m p lin g  d a te s  1 9 7 5-1976 . N o te  log-^Q 
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In  g e n e r a l ,  c u rv e s  f o r  w eighted , e s t im a te s  w ere a n  o r d e r  o f  
m agn itude l e s s  th a n  cu rv e s  b a s e d  on -unw eighted e s t im a te s  o f  
p o p u la t io n  s i z e ,  r e g a r d le s s  o f  s a m p lin g  d e s ig n .  F o r th e  same 
d e s ig n , c u rv es  b a s e d  on u n w e ig h ted  e s t im a te s  a p p e a re d  to  hav e  
a  g r e a t e r  a m p litu d e  o f  v a r i a t i o n  th a n  th e  c o r re s p o n d in g  c u rv e  
from  w e ig h te d  e s t im a te s .  S t a t i s t i c a l  co m p ariso n  co n firm e d  
th e  im p o rta n c e  o f  w e ig h tin g  m ethod (F -v a lu e  s i g n i f i c a n t  a t  
p < 0 .0 0 5 )  i n s t e a d  o f  sam p lin g  d e s ig n  (F -v a lu e  s i g n i f i c a n t  a t  
p ? » 0 .2 5 ) .  C urves b a se d  on w e ig h te d  e s t im a te s  w ere n o t  s i g ­
n i f i c a n t l y  d i f f e r e n t  from  each  o th e r  (p > -0 . 05 ) b u t  w ere 
s i g n i f i c a n t l y  lo w e r th a n  a l l  u n w e ig h ted  c u rv es  ( p c O .O l ) .  
O b v io u s ly , w e ig h tin g  was r e s p o n s ib le  f o r  t h i s  o r d e r  o f  
m agn itude d i f f e r e n c e .
More s p e c i f i c a l l y ,  d is c r e p a n c y  b e tw een  sam p le  a l l o c a ­
t i o n  m ethod an d  w e ig h tin g  r e s u l t e d  i n  th e  o b se rv e d  d i f f e r e n c e .  
P o p u la t io n  s i z e  e s t im a te s  b a se d  on u n w e ig h te d  fo rm u la e  w ere 
u n f a i r l y  b ia s e d  and  o v e re s t im a te d  b e c a u se  th e y  c o n ta in e d  a  
la r g e  p r o p o r t io n  o f  h ig h  d e n s i ty  sam p les from  a  s m a ll  p ro p o r ­
t i o n  o f th e  l a k e .  F o r w e ig h te d  e s t im a te s ,  w e ig h tin g  i s  
p r o p o r t io n a l  o n ly  to  th e  volum e o f  each  la k e  s e c t i o n .  T h e re fo re ,  
when c a l c u l a t i n g  th e  w e ig h te d  mean d e n s i t y ,  a  sam ple  from  th e  
r e l a t i v e l y  l a r g e  l im n e t ic  s u r f a c e  s e c t io n  w ould c a r r y  a p p r o x i­
m a te ly  se v e n  tim e s  more w e ig h t th a n  a  sam ple  r e p r e s e n t a t i v e  o f  
th e  l i t t o r a l  zone b e c a u se  o f  th e  volum e d i f f e r e n t i a l  (T ab le  
I I - l ) .  I f  sam ples w ere a l l o c a t e d  o n ly  i n  d i r e c t  p r o p o r t io n  
to  la k e  s e c t io n  vo lum e, s e v e n  tim e s  more sam p les  w ould be  
ta k e n  i n  t h i s  l im n e t ic  s e c t io n  th a n  i n  th e  e n t i r e  l i t t o r a l  
zone, an d  b o th  u n w e ig h te d  and  w e ig h te d  mean d e n s i t i e s  w ould
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be i d e n t i c a l .  However, p r o p o r t i o n a l  a l l o c a t i o n  o f  sam ples 
would n o t  u t i l i z e  p i l o t  s u rv e y  in fo r m a t io n  which, fo u n d  few 
Polyphemus i n  th e  l im n e t i c  zo n e . The Neyman m ethod o f  sam ple  
a l l o c a t i o n  u s e d  i n  t h i s  s tu d y  a l l o c a t e d  sam p les  i n  d i r e c t  
p r o p o r t io n  to  b o th  la k e  s e c t io n  volum e and  p i l o t  s u rv e y  
e s tim a te s  o f  la k e  s e c t io n  s ta n d a r d  d e v ia t i o n .  As a  r e s u l t ,  
m ost sam ples w ere a l l o c a t e d  to  l i t t o r a l  s e c t io n s  w ith  h ig h  
p o p u la t io n  d e n s i ty  and  low  volum e, a t  a  r a t i o  o f  1 :3  i n s t e a d  
o f 7 :1  ( l i m n e t i c : l i t t o r a l ) . T h is  p ro b lem  e lu c id a te s  a  b ia s  
w hich can  o c c u r  when s e a s o n a l  abundance i s  q u a n t i f i e d  u s in g  
u n w eig h ted  mean d e n s i t i e s  o r  mean d e n s i t i e s  w hich  a r e  n o t  
from sam p les e q u a l ly  r e p r e s e n t a t i v e  o f  th e  e n t i r e  l a k e .
H aving e s t a b l i s h e d  f o r  t h i s  s tu d y  t h a t  w e ig h ted  
e s tim a te s  w ere th e  o n ly  u n b ia s e d  e s t im a te s  o f  th e  t o t a l  
Polyphemus p o p u la t io n ,  th e  q u e s t io n  o f  p r e c i s i o n  was con­
s id e r e d .  AITOVA m ethods a p p l i e d  to  c o n f id e n c e  i n t e r v a l  w id th  
as a  p e r c e n t  o f  th e  t o t a l  p o p u la t io n  r e v e a le d  p o p u la t io n  
e s tim a te s  from  th e  S t r a t  84 d e s ig n  w ere s i g n i f i c a n t l y  more 
p r e c i s e  (p<cO.OOl) th a n  e s t im a te s  b a se d  on th e  S t r a t  8 o r  
I n te g  8 d e s ig n s  r e g a r d le s s  o f  w e ig h tin g  m ethod . A s i g n i f i c a n t  
d i f f e r e n c e  was n o t  o b se rv e d  b e tw een  th e  two e ig h t  sam ple  
d e s ig n s .  T h is  im provem ent i n  p r e c i s i o n  was o b se rv e d  even 
th o u g h  Cl w id th s  w ere w idened  f o r  w e ig h te d  e s t im a te s  b y  th e  
T -v a lu e  b a se d  on e f f e c t i v e  d e g re e s  o f  freedom  ( B a r r e t t  and  
N u tt ,  1975; C ochran , 1977) w hich  i s  f a i r l y  c o n s e rv a t iv e  
com pared to  th e  a c t u a l  T -v a lu e  u s e d  i n  u n w e ig h ted  c a l c u l a t i o n s .  
The d i f f e r e n c e  in  p r e c i s i o n  i s  m ost l i k e l y  n o t  due to  d i f ­
f e r e n t i a l  c lo g g in g  o f  to w s , b e c a u se  a  150 m e te r  tow  ( I n t e g  8 )
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a c c e p te d  o n ly  4 .8  % -  2 .5  % (95  % C l) l e s s  w a te r  th a n  a  com­
p a ra b le  tow  c a l c u l a t e d  from  th e  50 m e te r  c a l i b r a t i o n  to w s .
I t  i s  a l s o  n o t  due to  su b sam p lin g  e r r o r ,  b e c a u se  th e  d i f f e r ­
ences i n  p r e c i s i o n  w ere s t a t i s t i c a l l y  s i g n i f i c a n t  (p c O .O O l)  
a f t e r  t h i s  e r r o r  was f a c to r e d  o u t .  The m ost p ro b a b le  re a s o n  
f o r  th e  o b se rv e d  d i f f e r e n c e s  i n  p r e c i s i o n  i s  an  i n t e r a c t i o n  
betw een num ber o f  tows and  s p a t i a l  s c a l e  o f  p a tc h in e s s  in  
th e  Polyphem us p o p u la t io n .
P o p u la t io n  abundance e s t im a te s  from  th e  d e s ig n  w ith  
many s m a ll tows ( S t r a t  84 ) w ere t h e r e f o r e  m ore p r e c i s e  th a n  
th o se  from  few la r g e  tow s ( I n t e g  8 ) o r  few  s m a ll  tow s ( S t r a t  
8 ) .  T h is  o b s e rv a t io n  i s  i n c o n s i s t e n t  w ith  W iebe (1971) ■> who 
found  an  in c r e a s e  i n  tow  le n g th  (volum e) r e s u l t e d  i n  a  d ra m a tic  
in c r e a s e  i n  p r e c i s i o n  o f  e s t im a te s  d e r iv e d  from  a  com puter 
model and  from  th e  open ocean  (W iebe, 1 9 7 2 ). T h is  in c o n ­
s i s t e n c y  i s  p ro b a b ly  due to  d i f f e r e n c e s  i n  th e  s c a l e  o f 
p a tc h in e s s  b e tw een  f r e s h w a te r  an d  open ocean  p la n k to n .
In  p r a c t i c e ,  i t  r e q u i r e d  a p p ro x im a te ly  7 h o u rs  to  
com plete  a  sa m p lin g  d a te  ( l  h o u r  f o r  th e  I n te g  8 d e s ig n  and  
6 h o u rs  f o r  th e  S t r a t  84  d e s ig n ) .  The p o s s i b i l i t y  e x i s t e d  
t h a t  i n  t h i s  tim e  th e  Polyphem us p o p u la t io n  c o u ld  change th e  
c o n f ig u r a t io n  o f  i t s  d i s t r i b u t i o n ,  and  p o r t io n s  c o u ld  be  
sam pled  more th a n  once o r  n o t  a t  a l l  th u s  b i a s i n g  th e  e s t im a te .  
T h is p o s s i b i l i t y  was exam ined by  com paring  w e ig h te d  e s t im a te s  
o f  s e c t io n  s u b p o p u la t io n s  from  b o th  i n t e g r a t e d  and  s t r a t i f i e d  
sam p les . S in c e  i n t e g r a t e d  tow s w ere ta k e n  i n  th e  f i r s t  h o u r 
o f th e  same sa m p lin g  d a te  a s  th e  s t r a t i f i e d  to w s , t h e r e  i s  
l i t t l e  chance  o f  a  c o n f ig u r a t io n  change b i a s in g  th e  i n t e g r a t e d
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sa m p le s . F o r each, o f  30 sa m p lin g  d a t e s , two d e p th s  i n  each  
o f th r e e  random ly  s e l e c t e d  l i t t o r a l  s e c t io n s  w ere com pared i n d i ­
v id u a l ly  to  s e e  i f  th e  95 % C l from  th e  s t r a t i f i e d  w e ig h te d  
su b p o p u la tio n  e s t im a te s  c o n ta in e d  th e  c o r re s p o n d in g  i n t e g r a t e d  
e s t im a te .  Out o f  180 co m p a riso n s , 44 o r  2 4 .4  % o f  th e  95 % 
G . I . 's  f o r  s t r a t i f i e d  s e c t io n  e s t im a te s  f a i l e d  t o  e n c lo s e  
th e  i n t e g r a t e d  v a lu e .  Out o f  th e s e  44 v a lu e s ,  90 % (4 0 /4 4 )  
o c c u rre d  i n  th e  summer p e r io d  Ju n e  15 -  S ep tem b er 1 4 . T h is  
h o r iz o n ta l  movement o f  th e  Polyphem us p o p u la t io n  a c ro s s  
s e c t io n  b o u n d a r ie s  was r e f l e c t e d  i n  th e  v a r i a t i o n  o f  abundance 
e s tim a te s  b e tw een  I n te g  8 and  S t r a t  84 d e s ig n s  a t  t h i s  tim e  
(F ig .  I I - 4 ) , b u t  th e s e  d i f f e r e n c e s  w ere n o t  s t a t i s t i c a l l y  
s i g n i f i c a n t  (ANOVA, p > 0 . 0 5 ) .  T h is  movement and  i t s  im p l ic a ­
t io n s  w i l l  be  t r e a t e d  e lse w h e re  ( S e c t io n  IV ).
An a d d i t i o n a l  means o f  e v a lu a t in g  th e  S t r a t  84 d e s ig n  
r e q u ire d  a  co m p ariso n  o f  th e  o b se rv e d  and  e x p e c te d  a v e ra g e  
95 % C . I .  E x p e c ted  95 % C . I .  was d e te rm in e d  b y  b ack  c a l c u l a ­
t io n  from  th e  sam ple  s i z e  fo rm u la  o f  B a r r e t t  and  N u tt  (1975)*
The o b se rv e d  a v e ra g e  C . I .  w id th  was -  1 0 .1  x  10 f o r  a n  
e s tim a te  o f  th e  t o t a l  Polyphem us p o p u la t io n  ( i  64 P o lyphem us/
M eter^ f o r  w e ig h te d  m ean). T h is  v a lu e  was n e a r l y  th r e e  tim es
+  6w id er th a n  th e  e x p e c te d  Cl w id th  o f  -  3 .4  x  10 f o r  th e  t o t a l  
/ " h  5^( -  2 1 .5  P o lyphm us/M eter^  f o r  mean.). T h is  d i f f e r e n c e  was due 
to  u n d e re s t im a t io n  o f  s e c t io n  v a r ia n c e s  i n  th e  p i l o t  s u rv e y .  
S in ce  th e  p i l o t  s u rv e y  d id  n o t  encom pass th e  e n t i r e  ra n g e  o f  
s e a s o n a l  v a r i a t i o n ,  h ig h  s p r in g  v a r ia n c e  was n o t  c a l c u l a t e d  
i n  th e  Neyman A l lo c a t io n  m ethod an d  th e  e x p e c te d  p r e c i s i o n  
was o v e re s t im a te d .  P i l o t  su rv e y s  f o r  s e a s o n a l  abundance
28
s tu d ie s  s h o u ld  a t te m p t  to  encom pass maximum y e a r l y  v a r i a t i o n  
to  c l o s e ly  a p p ro x im a te  th e  e x p e c te d  p r e c i s i o n  f o r  a  s t r a t i f i e d  
sam p lin g  d e s ig n .
A summary o f  th e  co m p ariso n  o f  m ethods f o r  e s t im a t in g  
Polyphemus p o p u la t io n  s i z e  r e v e a le d  th e  s t r a t i f i e d  d e s ig n  was 
th e  m ost a c c u r a te  and  p r e c i s e  m ethod . By q u a d ru p lin g  th e  
tim e r e q u i r e d  to  c o l l e c t  and  p ro c e s s  sa m p le s , th e  a v e ra g e  
in c r e a s e  i n  p r e c i s i o n  o f  s t r a t i f i e d  o v e r  i n t e g r a t e d  sa m p lin g  
was e ig h t  t im e s .  A m ajo r h in d ra n c e  o f  th e  s t r a t i f i e d  d e s ig n  
employed i n  t h i s  s tu d y  was th e  a b s o lu te  am ount o f  tim e  
r e q u i r e d  to  o b ta in  r e s u l t s .  The i n v e s t i g a t o r  was somewhat 
removed i n  tim e  from  changes o c c u r r in g  i n  th e  z o o p la n k to n  
community due to  a  le n g th y  sam ple  p r o c e s s in g  p e r io d .  Q u a n ti­
t a t i v e  f a c t o r s  su c h  as  t im e , manpower and  eq u ip m en t, and  
fu n d in g  can  be  in c o r p o r a te d  i n t o  a  r e l a t i v e  c o s t  fo rm u la  and  
u sed  i n  v a r io u s  sam ple  a l l o c a t i o n  m ethods ( B a r r e t t  an d  N u t t ,  
1975; C ochran , 1977) to  e s t im a te  th e  p r e c i s i o n  t h a t  can  be 
e x p ec ted  f o r  a  s p e c i f i e d  sa m p lin g  e f f o r t .  C o n v e rse ly , i t  i s  
p o s s ib le  t o  d e te rm in e  th e  num ber o f  sam p les  and  c o s t  r e q u i r e d  
f o r  a  p r e - s p e c i f i e d  C . I .  w id th .
Q u a l i t a t i v e  f a c t o r s  a l s o  r e q u i r e  c o n s id e r a t io n  i n  an y  
sam p lin g  p ro g ram , in c lu d in g  g o a ls  o f  th e  s tu d y  and  th e  f a c t  
t h a t  a  s am p lin g  d e s ig n  f o r  one s p e c ie s  may n o t  n e c e s s a r i l y  
be a d e q u a te  f o r  a n o th e r  s p e c ie s  o r  f o r  a  z o o p la n k to n  com m unity. 
Bor a  s i n g l e  s p e c ie s  o f  l im n e t ic  z o o p la n k to n , p a r t i t i o n i n g  
th e  la k e  i n t o  th e  th r e e  th e rm a l s t r a t a  w ould p ro b a b ly  s u f f i c e ,  
and m ost sam p les  w ould be a l l o c a t e d  to  th e  e p i l im n io n .  To 
e f f i c i e n t l y  q u a n t i f y  a  z o o p la n k to n  com m unity o r  a  s p e c ie s
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with, an  e x tre m e ly  p a tc h y  d i s t r i b u t i o n  ( e . g .  P o lyphem us) , 
h o r i z o n ta l  la k e  s e c t io n s  a r e  r e q u i r e d  i n  a d d i t i o n  to  th e  
l im n e t ic  th e rm a l s t r a t a .  The e x a c t  num ber and  lo c a t i o n  o f 
th e s e  h o r i z o n ta l  s e c t io n s  w ould depend  l a r g e l y  on la k e  
m orphom etry and  g o a ls  o f  th e  s tu d y ,  b u t  a g a in  th e  c o s ts  and  
b e n e f i t s  c o u ld  be  e v a lu a te d  u s in g  p i l o t  s u rv e y  in f o r m a t io n .
The a d d i t i o n a l  c o s t  and  e f f o r t  o f  a  d e t a i l e d  s t r a t i ­
f i e d  d e s ig n  can  o f te n  be  j u s t i f i e d  by  th e  in fo r m a t io n  i t  
p ro v id e s  on p o p u la t io n  s p a t i a l  d i s t r i b u t i o n .  I t s  u s e f u ln e s s  
i n  d e s c r ib in g  changes i n  s e a s o n a l  abundance  an d  d i s t r i b u t i o n  
o f  th e  Polyphem us p o p u la tio n  i s  d e m o n s tra te d  i n  P ig s .  I I - 5  
and  I I - 6 , f o r  1975 and  1976 , r e s p e c t i v e l y .  I n  b o th  y e a r s ,  
a f t e r  an  a b se n c e  o f  Polyphem us i n  th e  p e r io d  o f  i c e  c o v e r ,  
p o p u la t io n  s i z e  in c r e a s e d  e x p o n e n t i a l ly  to  a  s p r in g  maximum, 
fo llo w e d  b y  a  n e a r l y  e x p o n e n t ia l  d e c l in e  to  a summer p l a t e a u ,  
and  a  f i n a l  d e c l in e  to  z e ro  j u s t  p r i o r  to  i c e - o n  ( P ig s .  I I -5 A , 
I I - 6A ). A s l i g h t  s e c o n d a ry  p eak  (m ost n o t i c e a b le  i n  P ig .  
I I - 6A) o c c u r re d  i n  A ugust o f  b o th  y e a r s  and  was r e l a t e d  t o  an  
i n c r e a s e  i n  f e c u n d i ty  i n  th e  p o p u la t io n .  T hese cu rv e s  ( F ig s .  
I I -5 A , I I - 6A) w ere s u r p r i s i n g l y  s i m i l a r  from  y e a r  to  y e a r ,  
s u g g e s t in g  t h a t  p e rh a p s  w ith  b e t t e r  s a m p lin g  d e s ig n s  much o f  
th e  v a r i a b i l i t y  a s s o c i a t e d  w ith  s e a s o n a l  abundance c u rv e s  
c o u ld  be  e l im in a te d .  D a i ly  v a r i a t i o n  ( I n s e r t  F ig s .  I I -5 A , 
I I - 6A) was c o n s id e ra b ly  l e s s  th a n  w eek ly  and  s e a s o n a l  v a r i a ­
t i o n ,  a g a in  s u p p o r t in g  th e  ad e q u a cy  o f  s t r a t i f i e d  s a m p lin g .
C o n s id e r in g  th e  l i t t o r a l  and  l im n e t i c  re g io n s  o f  
S to n eh o u se  Pond a s  two s u b p o p u la t io n s ,  s e a s o n a l  changes i n  
h o r iz o n ta l  d i s t r i b u t i o n  w ere exam ined . F ig u re s  I I -5 B  and
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P ig .  I I - 5 .  1975 s e a s o n a l  abundance o f  Polyphem us p e d ic u iu s
i n  S to n eh o u se  Pond b a se d  on w e ig h te d , s t r a t i f i e d  
e s t im a te s .  A . S e a s o n a l and  d a i l y  v a r i a t i o n  i n  
t o t a l  Polyphem us p o p u la t io n  s i z e .  V e r t i c a l  b a r s  
r e p r e s e n t  95 % c o n f id e n c e  l i m i t s  a b o u t t o t a l .
B. S e a s o n a l v a r i a t i o n  i n  Polyphem us d e n s i t y  i n  
th e  l i t t o r a l  and  l im n e t i c  zones o f  S to n eh o u se  
P ond. N ote  lo g in  s c a l e .  C. P e r c e n t  o f  t o t a l  
Polyphem us p o p u la t io n  p a r t i t i o n e d  b e tw een  l i t t o r a l  
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I I - 6B sum m arize changes i n  mean d e n s i ty  o f  Polyphem us p e r  
3
m ete r  . Mean d e n s i ty  was c a l c u l a t e d  f o r  th e  u p p e r  3 m e te rs  
o f w a te r  i n  b o th  th e  l i t t o r a l  and  l im n e t i c  re g io n s  b ec au se  
Polyphem us w ere n e v e r  c o l l e c t e d  below  t h i s  l a y e r .  E x p re s s in g  
mean d e n s i t y  f o r  th e  e n t i r e  w a te r  column w ould m e re ly  re d u c e  
l im n e t ic  d e n s i t i e s  by  a  f a c t o r  o f  a p p ro x im a te ly  t h r e e .
D e n s ity  i n  th e  l i t t o r a l  was h ig h e s t  i n  th e  s p r in g  and  f a l l  
o f  b o th  y e a r s ,  an d  a t  th o s e  tim e s  was n e a r l y  f o u r  o rd e rs  o f  
m agn itude  g r e a t e r  th a n  l im n e t ic  d e n s i t y .  L im n e tic  d e n s i ty  
was g r e a t e s t  i n  summer, b u t  Polyphem us in d iv id u a l s  w ere v i r t u ­
a l l y  a b s e n t  from  t h i s  r e g io n  i n  s p r in g  and  f a l l .  However, 
l im n e t ic  d e n s i ty  n e v e r  exceed ed  th e  c o r re s p o n d in g  l i t t o r a l  
d e n s i ty .
P a r t i t i o n i n g  th e  t o t a l  Polyphem us p o p u la t io n  in t o  
l i t t o r a l  an d  l im n e t ic  s u b p o p u la t io n s  ( P ig s .  I I - 5 C ,  I I - 6C) 
r e v e a le d  a  s l i g h t l y  d i f f e r e n t  p a t t e r n .  I n  s p r in g  and  f a l l ,  
v i r t u a l l y  th e  e n t i r e  p o p u la t io n  was c o n ta in e d  i n  th e  l i t t o r a l .  
I n  th e  summer, a l th o u g h  l im n e t i c  d e n s i ty  was lo w e r th a n  
l i t t o r a l  d e n s i ty  ( P ig s .  I I - 5 B ,  I I - 6B ) , by  v i r t u e  o f  i t s  
g r e a t e r  volum e (T a b le  I I - l )  a p p ro x im a te ly  80 % o f  th e  t o t a l  
p o p u la t io n  was l im n e t i c .  T h e re fo re ,  i n  th e  f a l l  o f  each  y e a r ,  
th e  s y n c h ro n iz e d  d e c l in e  i n  l im n e t ic  d e n s i ty  and  r i s e  i n  
l i t t o r a l  d e n s i ty  ( P ig s .  I I - 5 B ,  I I - 6B) w h ile  t o t a l  p o p u la t io n  
rem ain ed  r e l a t i v e l y  c o n s ta n t  ( P ig s .  I I -5 A , I I - 6A ), r e p r e s e n te d  
a  s h i f t  i n  h o r i z o n ta l  d i s t r i b u t i o n  o f  th e  Polyphem us p o p u la t io n  
in to  th e  l i t t o r a l  zo n e . I n  th e  s p r in g ,  a  h o r i z o n ta l  movement 
o f  th e  p o p u la t io n  from  th e  l i t t o r a l  t o  th e  l im n e t ic  zone 
o c c u r re d  b u t  was n o t  c l e a r l y  d e m o n s tra te d  i n  th e s e  f ig u r e s  
b e cau se  o f  a  r a p id  d e c l in e  i n  p o p u la t io n  s i z e .
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In a d e q u a te  sam p lin g  d e s ig n s  and d i f f e r e n c e s  i n  e x p re s ­
s io n  o f s e a s o n a l  abundance may have r e s u l t e d  i n  th e  e x i s t i n g  
c o n fu s io n  in  th e  l i t e r a t u r e  r e g a r d in g  s p a t i a l  a f f i n i t y  o f 
th e  Polyphem us p o p u la t io n .  The e x a c t  a f f i n i t y  depends upon 
th e  tim e  o f y e a r  th e  la k e  was sam pled , and th e  p a ra m e te r  ( t o t a l  
number o r  mean d e n s i ty )  u sed  to  q u a n t i f y  ab u n d an ce . R e s u l t s  o f  
sam p lin g  l i m i t e d  to  th e  l im n e t i c  zone o f  Lake M ich ig an  
(McNaught, 1966 ; W e lls , i 960) and o f  s e v e r a l  J a p a n e se  la k e s  
(K ik u c h i, 1930, 1937) t y p i c a l l y  r e v e a le d  Polyphem us o n ly  in  
th e  summer. T h is  o b s e rv a t io n  i s  c o n s i s t e n t  w ith  th e  p r e s e n t  
s tu d y , b u t  to  c h a r a c t e r i z e  s e a s o n a l  abundance o f  a  Polyphem us 
p o p u la t io n  b a se d  o n ly  on l im n e t i c  sam p lin g  w ould be e r ro n e o u s  
and m is le a d in g .  A s in g l e  midsummer p eak  i n  th e  l im n e t i c  zone 
o b se rv e d  i n  S to n eh o u se  Pond r e f l e c t e d  a  change i n  h o r iz o n ta l  
d i s t r i b u t i o n  o f  th e  Polyphem us p o p u la t io n  and  n o t  a  change in  
p o p u la t io n  s i z e .  S im i la r ly ,  sam p lin g  l i m i t e d  t o  th e  l i t t o r a l  
zone w ould a l s o  be  b ia s e d  by th e  s e a s o n a l  change in  h o r i z o n ta l  
d i s t r i b u t i o n .  E x a m in a tio n  o f  Polyphem us mean d e n s i ty  from  
l i t t o r a l  sam ples l e d  A x elso n  ( 1961) ,  B u to r in a  (1 9 7 1 ) , and 
L in d s tro m  (1952) to  c o n s id e r  Polyphem us to  be  p r im a r i l y  l i t t o r a l  
i n  d i s t r i b u t i o n .  The p r e s e n t  s tu d y , how ever, r e v e a le d  t h a t  in  
th e  summer th e  p o p u la t io n  was p r im a r i ly  l im n e t i c  ( F ig s .  I I -5 C , 
I I - 6C ) . M u ltin o d a l s e a s o n a l  abundance c u rv e s  (B u to r in a ,  1963 . 
1971; I s c h r e y t ,  1933) and  th e  l a c k  o f  e r r o r  e s t im a te s  make i t  
d i f f i c u l t  to  i n t e r p r e t  th e s e  p e a k s , b u t  s t r o n g ly  s u g g e s t  t h e i r  
sam p lin g  d e s ig n s  w ere in a d e q u a te  to  h a n d le  Polyphem us p a tc h in e s s .
A s t r a t i f i e d  random sam p lin g  d e s ig n  w hich em ploys v a ry ­
in g  tim e  and sp ac e  s c a l e s  can  in c r e a s e  a c c u ra c y  and p r e c i s i o n
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o f p lan k to n , p o p u la t io n  abundance  e s t im a te s .  I t s  r e s o l u t i o n  
o f s e a s o n a l  changes i n  h o r i z o n ta l  d i s t r i b u t i o n  o f  th e  Polyphem us 
p o p u la t io n  o f  S to n eh o u se  Pond i n d i c a t e s  th e  p o t e n t i a l  o f  
s t r a t i f i e d  sa m p lin g  a s  a  t o o l  f o r  s tu d y in g  p la n k to n  p a tc h in e s s  
in  la k e  s y s te m s . C le a r ly ,  s tu d i e s  o f  p la n k to n  p a tc h in e s s  
co u ld  be im proved  w ith  a p p r o p r i a t e  s a m p lin g  d e s ig n s .
4 . Summary
A s t r a t i f i e d  random  sa m p lin g  d e s ig n  was e v a lu a te d  i n  
i t s  a b i l i t y  to  q u a n t i f y  s p a t i a l  and  s e a s o n a l  changes i n  th e  
abundance o f  th e  p r e d a to r y  c la d o c e r a n ,  Polyphem us p e d ic u iu s  
( L . ) .  A w h o le - la k e  s t r a t i f i e d  d e s ig n  w ith  sam ple  u n i t s  con­
s i s t i n g  o f  e ig h ty - f o u r  20 m e te r  C larke-Bum pus tows was more 
a c c u r a te  and  p r e c i s e  i n  q u a n t i f y in g  s e a s o n a l  abun d an ce  th a n  a  
c o n v e n tio n a l  d e s ig n  o f  e ig h t  150 m e te r  tows ( P ig .  I I - 4 ) , and  
b e t t e r  r e v e a le d  changes i n  h o r i z o n ta l  d i s t r i b u t i o n .  U sin g  t h i s  
s t r a t i f i e d  d e s ig n ,  th e  Polyphem us p o p u la t io n  o f  S to n e h o u se  Pond, 
B a r r in g to n , N .H ., was exam ined f o r  two y e a r s ,  1975 and. 1976 
(P ig s .  I I - 5 ,  I I - 6 ) .  S e a s o n a l abundance was t y p i f i e d  by  an  
e x p o n e n tia l  r i s e  t o  a  s p r in g  maximum, fo llo w e d  b y  a n  expo­
n e n t i a l  d e c l in e  to  a  summer p l a t e a u .  A s l i g h t  s e c o n d a ry  p eak  
o c c u rre d  i n  A ugust o f  each  y e a r ,  and  abundance  d e c l in e s  t o  z e ro  
i n  l a t e  f a l l .  In  s p r in g  an d  f a l l ,  t h e  t o t a l  p o p u la t io n  was 
p r im a r i ly  l i t t o r a l ,  an d  i n  th e  summer i t  was l im n e t i c  in  
d i s t r i b u t i o n ,  a l th o u g h  mean d e n s i ty  was a lw ays g r e a t e r  i n  th e  
l i t t o r a l .  S am pling  l im i t e d  o n ly  t o  th e  l i t t o r a l  o r  l im n e t i c  
zone w ould m is r e p r e s e n t  s e a s o n a l  abundance due t o  t h i s  s e a s o n a l  
change i n  h o r iz o n ta l  d i s t r i b u t i o n  o f  th e  Polyphem us p o p u la t io n .
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SECTION I I I
ALTERNATING REPRODUCTIVE MODES AND THE SEASONAL 
DYNAMICS OE POLYPHEMUS PEDICULUS ( L . ) IN A 
SMALL NEW ENGLAND LAKE
1 . I n t r o d u c t io n
I n  s p i t e  o f  th e  c o sm o p o lita n  d i s t r i b u t i o n  an d  abundance  
o f Polyphem us p e d ic u iu s  i n  many l a k e s ,  t h e r e  a r e  few  s tu d i e s  
o f t h i s  p re d a c e o u s  c la d o c e r a n .  B u to r in a  has d e s c r ib e d  a s p e c ts  
o f  th e  m orphology  ( B u to r in a ,  1967, 1968, 1 9 7 3 ), l i f e  c y c le  
(B u to r in a ,  1963, 1 9 7 1 a ) , f e e d in g  (B u to r in a ,  1965 , 1970, 19711>, 
1971c; B u to r in a  and  S o ro k in , 1966, 1 9 7 0 ), and  d i s t r i b u t i o n  
(B u to r in a ,  1969, 1971d) o f  P o lyphem us. V i r t u a l l y  a l l  o th e r  
r e s e a r c h  h as  b een  l i m i t e d  t o  th e  taxonom y and  m orphology  o f 
Polyphem us (Dumont e t  a d . ,  1975; G reen , 1961; H a s le r ,  1937; 
I s c h r e y t ,  1933a, 1933"b; M ak ru sch in , 1973; M o rd u k h a i-B o lto v sk o i, 
1968; S m im ov , I 9 6 0 ) .
The e x tre m e ly  p a tc h y  d i s t r i b u t i o n  o f  Polyphem us has  
s e v e r e ly  l im i t e d  q u a n t i t a t i v e  i n v e s t i g a t i o n s  o f  i t s  p o p u la t io n  
dynam ics. I r r e g u l a r  f l u c tu a t i o n s  i n  s e a s o n a l  abundance cu rv e s  
(B u to r in a ,  1963, 1971a) s u g g e s t  s am p lin g  v a r i a b i l i t y  may have 
o b scu red  r e a l  p o p u la t io n  c h a n g e s . R e c e n t ly ,  M a ttso n  d e s c r ib e d  
t h i s  p a tc h in e s s  (S e c t io n  IV) an d  d e m o n s tra te d  t h a t  s a m p lin g  
v a r i a b i l i t y  c o u ld  b e  re d u c e d  u s in g  a  s t r a t i f i e d  random sa m p lin g  
d e s ig n  (S e c t io n  I I ) .
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R ecen t r e s e a r c h  has  d e m o n s tra te d  th e  im p o rta n c e  o f  
p r e d a t io n - in d u c e d  m o r t a l i t y  to  z o o p la n k to n  abundance and  
community s i z e  s t r u c t u r e  ( re v ie w e d  i n  H a l l  e t  a l . ,  1 9 7 6 ).
S in ce  p o p u la t io n  g row th  r e s u l t s  from  d i f f e r e n c e s  be tw een  
n a t a l i t y  and  m o r t a l i t y  r a t e s ,  changes i n  n a t a l i t y  a l s o  i n f l u ­
ence s e a s o n a l  d y n am ics. B u to r in a  ( 1971a-) s u g g e s te d  gam ogenesis 
may be th e  dom inan t mode o f  r e p ro d u c t io n  a t  c e r t a i n  tim e s  i n  
th e  Polyphem us p o p u la t io n .  S in c e  r e s t i n g  eggs do n o t  c o n t r ib u t e  
im m ed ia te ly  to  n a t a l i t y ,  a  dom inan t p e r io d  o f  gam ogenesis  may 
cause a  d e c re a s e  i n  p o p u la t io n  g row th  and  a  c o n c o m ita n t d e c l in e  
in  ab u n d an ce . I t  i s  im p o r ta n t ,  t h e r e f o r e ,  to  i n v e s t i g a t e  th e  
s e a so n a l dynam ics o f  a  z o o p la n k to n  p o p u la t io n  w hich  may be 
in f lu e n c e d  by  dom inan t p e r io d s  o f  g am o g en es is . The p u rp o se  
o f t h i s  s tu d y  was to  e v a lu a te  th e  c o n t r ib u t io n  o f  p a r th e n o ­
g e n e s is  and  gam ogenesis to  th e  s e a s o n a l  dynam ics o f  Polyphem us 
u s in g  s t r a t i f i e d  s a m p lin g . The e f f e c t  o f  th e s e  r e p ro d u c t iv e  
modes was c o n s id e re d  w ith  r e s p e c t  to  changes i n  ab u n d an ce , 
co m p o sitio n , and  p o p u la t io n  g ro w th  r a t e s .
2 . M a te r ia ls  and  M ethods
A. S tu d y  s i t e
S to n eh o u se  Pond i n  s o u th e a s te r n  New H am pshire was 
s e le c te d  a s  th e  s tu d y  s i t e  b a s e d  on la k e  m orphom etry , p ro x im ity ,  
and th e  p re s e n c e  o f  a  l a r g e  Polyphem us p o p u la t io n .  S to n eh o u se  
Pond i s  a  s m a l l ,  m e s o tro p h ic ,  g l a c i a l  k e t t l e  l a k e ,  w ith  a 
s u r f a c e  a r e a  o f  5 -7  h e c t a r e s ,  a  maximum d e p th  o f  17 m e te r s ,  
and a  mean d e p th  o f  7*6 m e te r s .  I t  was l a s t  r e c la im e d  i n  
O c to b er, 1966 , and  a  p o p u la t io n  o f  20 -  30 cm b ro o k  t r o u t ,
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S a lv e l in u s  f o n t i n a l i s , i s  m a in ta in ed , b y  y e a r ly  s to c k in g  by  
th e  S t a t e  o f  New H am psh ire . T h is la k e  has  b een  d e s c r ib e d  i n  
d e t a i l  e lse w h e re  (S e c t io n  I I ;  S e c t io n  IV ; F e r r a n t e ,  1 9 7 4 ).
B. Sam ple c o l l e c t i o n  an d  e n u m e ra tio n
The s t r a t i f i e d  random  sa m p lin g  d e s ig n  u se d  to  q u a n t i f y  
s e a s o n a l  abundance  o f  th e  Polyphem us p o p u la t io n  i n  S to n eh o u se  
Pond has  b een  d e s c r ib e d  an d  e v a lu a te d  p r e v io u s ly  ( S e c t io n  I I ) ,  
and w i l l  be o n ly  b r i e f l y  o u t l in e d  h e r e .  F i r s t ,  t h e  e n t i r e  
la k e  s u r f a c e  was d iv id e d  i n t o  s i x  l i t t o r a l  s e c t io n s  and  one 
l im n e t ic  s e c t i o n .  W ith in  each  o f  th e s e  se v e n  h o r i z o n ta l  la k e  
s e c t io n s ,  sam p les  w ere c o l l e c t e d  a t  1 /2  m e te r  i n t e r v a l s  from  
0 - 3  m e te rs  o f  d e p th .  I n  th e  l im n e t i c  s e c t i o n ,  t h r e e  a d d i ­
t i o n a l  sam p les  w ere ta k e n  a s  o b liq u e  tows from  11 m e te rs  to  
3 m e te rs  o f  d e p th .  S in c e  Polyphem us w ere n o t  c a p tu re d  i n  
th e s e  deep  l im n e t i c  s a m p le s , th e s e  sam ples w ere n o t  u se d  i n  
su b se q u en t c a l c u l a t i o n s .  On each  sa m p lin g  d a t e ,  e ig h ty - f o u r  
200 l i t e r  C larke-B um pus n e t  tow s (151 p  m esh, 1 2 .5  cm. 
d ia m e te r ,  20 m e te r  lo n g )  w ere a l l o c a t e d  th ro u g h o u t th e  la k e  
u s in g  th e  s p a t i a l  p a t t e r n  d e s c r ib e d  a b o v e . These sam p les  w ere 
c o l l e c te d  from  f ix e d  h o r i z o n ta l  l o c a t io n s  i n  a  random  se q u en ce  
in  t im e . P o p u la t io n  sam p lin g  b y  t h i s  m ethod was a t  5 -  12 day  
i n t e r v a l s  i n  th e  i c e  f r e e  p e r io d s  o f  1975 and  1976 , and  was 
c lo s e s t  a t  t im e s  o f  r a p id  p o p u la t io n  c h an g e . I n  th e  p e r io d  
o f i c e  c o v e r ,  s a m p lin g  was p e rfo rm e d  a t  m o n th ly  i n t e r v a l s  
u s in g  a  30 cm. d ia m e te r ,  151 p  p la n k to n  n e t ,  w hich was tow ed 
v e r t i c a l l y  from  th e  b o tto m  to  th e  s u r f a c e  a t  two lo c a t io n s  i n  
each h o r i z o n ta l  la k e  s e c t i o n .  The t o t a l  num ber o f  Polyphem us
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in  a l l  s t r a t i f i e d  sam p les was c o u n te d  on a  d i s s e c t i n g  m ic ro ­
sco p e , a n d 'c o u n t in g  e r r o r  v a r i e d  b e tw een  0 % f o r  s m a ll  s a m p le s , 
to  6 % f o r  r e l a t i v e l y  l a r g e  s a m p le s . T o ta l  Polyphem us 
p o p u la t io n  s i z e  was e s t im a te d  by  w e ig h tin g  th e  a v e ra g e  Polyphem us 
d e n s i ty  i n  each  s e c t i o n  by th e  a p p r o p r i a t e  volum e o f  w a te r ,  
and th e n  summing th e s e  s e c t io n  t o t a l s  t o  o b ta in  a  w hole la k e  
t o t a l  ( B a r r e t t  an d  N u t t ,  1975; C o ch ran , 1 9 7 7 )-
In  a d d i t i o n  t o  th e  s t r a t i f i e d  d e s ig n  o u t l i n e d  a b o v e , 
th re e  random ly  s e l e c t e d  h o r i z o n ta l  lo c a t io n s  w ere sam p led  a t  
0 and 0 .5  m e te rs  o f  d e p th  w ith  r e l a t i v e l y  l a r g e  volum e tows 
(1500 l i t e r s ,  151 p  m esh, 1 2 .5  cm d ia m e te r ,  150 m e te r  lo n g ) .
These s i x  h o r i z o n t a l l y - i n t e g r a t e d  tows w ere from  d e p th s  r e p r e ­
s e n ta t i v e  o f  g r e a t e r  th a n  90 % o f  th e  Polyphem us p o p u la t io n  
on each  d a te  ( S e c t io n  IV ) , and  w ere u s e d  to  d e te rm in e  th e  
p e rc e n t  c o m p o s itio n  o f  th e  p o p u la t io n .  A l l  sam ples w ere 
p re s e rv e d  i n  4- % P o rm a lin -S u c ro s e  (H aney an d  H a l l ,  1973)*
Prom each  tow , a  random  su b sam p le  (H en sen -S tem p el p i s t o n  
p i p e t t e  m ethod , S c h w o e rb e l, 1970) o f  a t  l e a s t  50 Polyphem us 
was exam ined f o r  p o p u la t io n  c o m p o s it io n , an d  i n d iv id u a l s  w ere 
c l a s s i f i e d  a s  j u v e n i l e s , p a r th e n o g e n e t ic  f e m a le s , g am o g en e tic  
fe m a le s , o r  m ales  (T a b le  I I I - l ) .  P e r c e n t  c o m p o s itio n  was 
c a lc u la te d  b y  w e ig h tin g  th e  a v e ra g e  a t  each  d e p th  b y  th e  
c o rre sp o n d in g  p e r c e n t  o f  th e  t o t a l  p o p u la t io n .
C. D u ra tio n  o f  b ro o d  developm en t
D u ra tio n  o f  b ro o d  d ev e lo p m en t (D) was d e te rm in e d  i n  
s i t u  a s  th e  t im e  b e tw een  two s u c c e s s iv e  b ro o d s , s in c e  m a tu re  
Polyphemus fem a le s  r e l e a s e  new eggs i n t o  th e  b ro o d  pouch
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T a b le  I I I - l .  M o rp h o lo g ic a l c h a r a c t e r i s t i c s  u s e d  t o  d i s t i n g u i s h  
em bryonic d e v e lo p m e n ta l s ta g e s  and  t o  s e p a r a te  
j u v e n i l e  from  m a tu re  P o lyphem us.
ra
D evelopm en ta l
s ta g e
M o rp h o lo g ic a l d e s c r i p t i o n D evelopm ent p e r io d  
(*)
early- Oval to  unpigm ented  embryos w ith 86 %
embryo lim b  buds p r e s e n t
m idd le Limbs w ith  s e ta e ;  compound eye 9 %
embryo w ith  g re e n  p igm ent
l a t e em bryos w ith  g re e n  p igm ent 5 %
embryo m asked by b la c k  eye p ig m en t; 
c a u d a l s e ta e  n o t  p r e s e n t
ju v e n i le new born to  s e x u a l m a tu r i ty ;  
c a u d a l s e ta e  p r e s e n t ;  
im m ature gonads
a d u l t  ' p a r th e n o g e n e t ic  fe m a le s , 
g am ogenetic  fe m a le s , o r  m ales  
w ith  m atu re  o v a r ie s  o r  t e s t e s
■P
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im m ed ia te ly  fo l lo w in g  each  m o lt and  l i b e r a t i o n  o f  n e o n a te s  
(B u to r in a ,  1971s-) • T w e n ty -f iv e  to  f i f t y  p a r th e n o g e n e t ic  
fem ales w ith  l a t e  s ta g e  embryos (T a b le  I I I - l )  a lo n g  w ith  
s e le c te d  p r e y  ite m s  a t  two t o  f o u r  tim es  la k e  d e n s i t i e s  w ere 
p la c e d  i n  a  4  l i t e r  g la s s  c o n ta in e r  w ith  a  202 p. UITEX c o v e r . 
C o n ta in e rs  w ere in c u b a te d  i n  th e  l i t t o r a l  zone a t  0 .5  m e te rs  
o f d e p th .  D was e s t im a te d  a s  th e  tim e  b e tw een  h a tc h in g  o f  
th e  f i r s t  b ro o d s  (6  -  12 h o u rs  a f t e r  i s o l a t i o n )  and  th e  n e x t  
b ro o d s . T hese " sy n c h ro n iz e d "  fem ales  r e q u i r e d  o b s e rv a t io n  
o n ly  once d a i l y  u n t i l  th e  s u b se q u e n t l a t e  s ta g e  embryos w ere 
seen  an d , d e p en d in g  on am b ien t te m p e r a tu re ,  w ere o b se rv e d  a t  
6 to  12 h o u r  i n t e r v a l s  t h e r e a f t e r .  C o n ta in e rs  w ere c le a n e d  
and p re y  w ere ad d ed  d a i l y .  U sing  t h i s  m ethod , D was d e te rm in e d  
a t  4 o r  5 te m p e ra tu re s  i n  each  y e a r ,  r e p r e s e n t in g  ra n g e  o f 
8 -  28°C . To a c c o u n t f o r  d i e l  v a r i a t i o n  i n  te m p e r a tu re ,  
av e ra g e  m edian  d a i l y  te m p e ra tu re  f o r  th e  d u r a t io n  o f  d e v e lo p ­
ment was d e te rm in e d  w ith  a  max-min th e rm o m e te r . S e a s o n a l and  
d i e l  te m p e ra tu re  ra n g e  can  be  s e e n  i n  T ig .  I I I - 1 A .
D. P o p u la t io n  g ro w th  s t a t i s t i c s
P o p u la t io n  g row th  s t a t i s t i c s  w ere c a l c u l a t e d  b a se d  on 
a p p l i c a t i o n  o f  an  e x p o n e n t ia l  g ro w th  m odel (Edm ondson, I9 6 0 ; 
H a l l ,  1 9 6 4 ) . W hile th e  in s ta n ta n e o u s  r a t e  o f  i n c r e a s e  ( r )  
was c a l c u l a t e d  from  th e  change i n  t o t a l  p o p u la t io n  s i z e  be tw een  
s u c c e s s iv e  sam p lin g  d a t e s ,  th e  in s ta n ta n e o u s  b i r t h  r a t e  (b ) 
was e s t im a te d  from  f i n i t e  b i r t h  r a t e  (B) u s in g  th e  fo rm u la  o f  
Edmondson ( i9 6 0  fo rm u la  9 ) .  R ecen t c o m p u ta tio n a l r e f in e m e n ts  
o f Edm ondson's fo rm u la  by  C asw ell (1972) and  P aloheim o  (197^)
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were a l s o  com pared . S in c e  th e  Polyphem us p o p u la t io n  i n  t h i s  
s tu d y  was a lw ays found  i n  r e l a t i v e l y  hom eotherm al e p i l im n e t i c  
w a te r ,  e s t im a t io n  o f h from  B d id  n o t  r e q u i r e  d e p th - te m p e ra tu r e  
w e ig h tin g  as  p ro p o se d  b y  P re p a s  an d  E i g l e r  (1 9 7 8 ) . The 
in s ta n ta n e o u s  d e a th  r a t e  (d )  was e s t im a te d  by  d i f f e r e n c e  from  
a re a rra n g e m e n t o f  th e  fo rm u la  r  = b -  d .
The Polyphem us p o p u la t io n  may be  d o m in a ted  a t  t im e s  by  
s e x u a l ly  re p ro d u c in g  in d iv id u a l s  p ro d u c in g  r e s t i n g  e g g s , w ith  
th e  o n ly  c o n t r ib u t io n  t o  p o p u la t io n  g ro w th  coming from  p a r th e n o -  
g e n e t ic  b ro o d s .  I n  t h i s  c a s e ,  B c o u ld  be e s t im a te d  u s in g  th e  
r a t i o  o f  eggs (em bryos) p e r  p a r th e n o g e n e t ic  fem a le  (eg g  r a t i o )  
p e r  day , o r  u s in g  th e  r a t i o  o f eggs (em bryos) p e r  i n d iv id u a l  
p e r  day ( p e r  c a p i t a  egg r a t i o ,  P a lo h e im o , 1 9 7 4 ). To r e l a t e  
B to  th e  t o t a l  Polyphem us p o p u la t io n ,  th e  above r a t i o s  c o u ld  
be m u l t i p l i e d  r e s p e c t i v e l y  by  th e  t o t a l  num ber o f  m a tu re  
p a r th e n o g e n e t ic  fem ales  o r  b y  th e  t o t a l  p o p u la t io n  s i z e .
S in ce  i t  may be  d i f f i c u l t  t o  d i s t i n g u i s h  b e tw een  l a t e  i n s t a r  
ju v e n i le s  and  m a tu re  f e m a le s ,  th e  p e r  c a p i t a  egg r a t i o  was 
u sed  and  b was e s t im a te d  from  t h i s  r a t i o .
The num ber o f  embryos p e r  m a tu re  p a r th e n o g e n e t ic  
fem ale , h e r e a f t e r  c a l l e d  "b ro o d  s i z e " ,  was o f  i n t e r e s t  i n  
t h i s  s tu d y  s in c e  i t  r e f l e c t e d  r e p r o d u c t iv e  p o t e n t i a l ,  and  was 
c a lc u la te d  i n  two w ays. I n  b o th  1975 and  1976 , a l l  Polyphem us 
embryos w ere co u n te d  i n  th e  same su b sam p les  u se d  f o r  p o p u la t io n  
co m p o s itio n , and  d iv id e d  b y  th e  num ber o f  m a tu re  p a r th e n o g e n e t ic  
fem ales to  p ro v id e  an  e s t im a te  o f  b ro o d  s i z e .  I n  a d d i t i o n ,  
in  1976, mean b ro o d  s i z e  was d e te rm in e d  f o r  each  d a te  by 
exam ining th e  b ro o d  c o n te n ts  o f  50 l i v e  p a r th e n o g e n e t ic  fem a le s
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which, w ere t r a n s p o r t e d  to  th e  l a b o r a t o r y  and  n a r c o t i z e d  i n  
c a rb o n a te  w a te r .  B rood s i z e  e s t im a te s  by  th e s e  two in d e p e n d e n t 
methods w ere n e a r l y  i d e n t i c a l  ( p a i r e d  t - t e s t  by  d a t e ,  p > 0 .1 0 )  
in d ic a t in g  su b sa m p lin g  e r r o r  an d  p r e s e r v a t i o n  e f f e c t s  ( P r e p a s , 
1978) w ere n o t  s e r io u s  i n  t h i s  s tu d y .  B rood s i z e  was a l s o  
q u a n t i f i e d  i n  1977 from  l i v e  f e m a le s .
5. R e s u lts
A. Brood s i z e  and  d u r a t io n  o f  developm en t
S e a s o n a l c u rv e s  f o r  th e  change i n  mean p a r th e n o g e n e t ic  
brood  s i z e  w ere re m a rk a b ly  s i m i l a r  f o r  th e  1975 th ro u g h  1977 
p e r io d  ( P ig .  I I I - 1 B ) , and  w ere c h a r a c t e r iz e d  a s  t h r e e  p h a se s  
( s p r in g ,  summer, an d  f a l l ) .  The f i r s t  b ro o d s  i n  th e  s p r in g  
from e x e p h ip p ia l  Polyphem us w ere th e  l a r g e s t  r e c o rd e d  i n  each  
y e a r ,  and  w ere o c c a s io n a l ly  a s  h ig h  a s  29 embryos p e r  b ro o d . 
Brood s i z e  d e c l in e d  r a p i d ly  from  t h i s  f i r s t  b ro o d  to  a  summer 
p la te a u  o f  a p p ro x im a te ly  2 embryos p e r  b ro o d , and  th e n  
in c r e a s e d  i n  th e  f a l l .  T h is  s e a s o n a l  p a t t e r n  was a l s o  o b se rv e d  
by B u to r in a  (1 9 7 1 a ) .
I n  th e  s p r in g  and  f a l l ,  b ro o d  s i z e  was i n v e r s e l y  
c o r r e l a t e d  w ith  am b ien t w a te r  te m p e ra tu re  ( P ig .  I I I - 2 ) .  L in e a r  
r e g r e s s io n  e q u a tio n s  b e s t  d e s c r ib e d  t h i s  r e l a t i o n s h i p  and  
d e m o n stra ted  a  d i f f e r e n t  re sp o n s e  t o  te m p e ra tu re  b e tw een  
s e a s o n s .  S i g n i f i c a n t  d i f f e r e n c e s  b e tw een  th e  s lo p e s  ( p < 0 .0 5 )  
of th e s e  e q u a tio n s  s u g g e s te d  b ro o d  s i z e  changed  more s lo w ly  
w ith  ch an g in g  te m p e ra tu re  i n  th e  f a l l  th a n  i n  th e  s p r i n g .  I n  
th e  summer, b ro o d  s i z e  rem ain ed  r e l a t i v e l y  unchanged  and  was 
n o t c o r r e l a t e d  w ith  w a te r  te m p e r a tu r e .
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F ig .  I I I - l .  S e a s o n a l change i n  m edian  s u r f a c e  te m p e ra tu re  
(A) an d  mean p a r th e n o g e n e t ic  b ro o d  s i z e  (B) 
f o r  Polyphem us i n  S to n e h o u se  P ond . V e r t i c a l  
b a r s  a b o u t th e  1976 te m p e ra tu re  c u rv e  (A) 
r e p r e s e n t  d i e l  te m p e ra tu re  r a n g e .  V e r t i c a l  
b a r s  a b o u t 1976 and  1977 mean b ro o d  s i z e  (B) 
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P ig .  I I I - 2 .  S c a t t e r  d iag ram  o f  th e  s e a s o n a l  r e l a t i o n s h i p s  
b e tw een  p a r th e n o g e n e t ic  b ro o d  s i z e  an d  a m b ie n t 
w a te r  te m p e ra tu re  f o r  th e  1975-1977 Polyphem us 
p o p u la t io n  i n  S to n e h o u se  Pond. R e g re s s io n  
l i n e s  a r e  p l o t t e d  an d  th e  r e l a t i o n s h i p  i s  g iv e n  
b e tw een  b ro o d  s i z e  ( B .S .)  and  te m p e ra tu re  ( T .)  
f o r  s p r in g  and  f a l l .  The l i n e a r  c o r r e l a t i o n  
c o e f f i c i e n t ,  r ,  i s  a l s o  g iv e n .  No c o r r e l a t i o n  
was fo u n d  b e tw een  te m p e ra tu re  and  b ro o d  s i z e  
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The la c k  o f  c o r r e l a t i o n  b e tw een  b ro o d  s i z e  and  
te m p e ra tu re  d u r in g  th e  summer o f  a l l  t h r e e  y e a r s  s u g g e s te d  
o th e r  f a c t o r s  w ere im p o r ta n t .  S in c e  fo o d  l e v e l  has  b een  
d i r e c t l y  c o r r e l a t e d  w ith  b ro o d  s i z e  i n  D aphnia ( H a l l ,  1964; 
Lam pert, 1 9 7 8 ), th e  r e l a t i o n s h i p s  o f  b ro o d  s i z e  to  fo o d , 
te m p e ra tu re , and  t h e i r  i n t e r a c t i o n  w ere exam ined i n  s im p le  and  
m u lt ip le  r e g r e s s io n  m o d e ls . B rood s i z e  was p o o r ly  c o r r e l a t e d  
w ith  th e  d e n s i ty  o f  s e v e r a l  im p o r ta n t  p r e y  s p e c ie s  (copepod  
n a u p l i i  r  = + 0 .37  l i n e a r ,  r  = + 0 .10  l o g - l i n e a r ;  th e  c o lo n ia l  
r o t i f e r  C h o n o ch ilu s  u n ic o r n is  r  = -  0 .1 0 ,  r =  - 0 .2 0 ;  and  
Bosmina s p .  r  = - 0 .2 9 ,  r  = - 0 .2 8 ) ,  an d  w ith  t o t a l  p r e y  d e n s i ty  
c a lc u la te d  a s  volum e (p^  o f  p re y )  from  th e  t a b l e s  o f  Nauwerck 
(1963) ( r  = - 0 .2 9 ,  r  = - 0 .3 4 ) .  A t im e - la g  c o r r e c t io n  o f  p re y  
d e n s i ty  b a se d  on th e  b ro o d  developm en t t im e  (L am p ert, 1978) 
d id  n o t  im prove th e s e  r e l a t i o n s h i p s .  As a  r e s u l t ,  th e  a d d i t i o n  
o f food  abundance a n d /o r  th e  i n t e r a c t i o n  o f  fo o d  and  te m p e ra tu re  
in  a  m u l t ip le  r e g r e s s io n  m odel a c c o u n te d  f o r  o n ly  0 .4  % o f  
th e  t o t a l  v a r i a t i o n  i n  th e  r e l a t i o n s h i p  o f  th e s e  f a c t o r s  to  
brood s i z e  ( te m p e ra tu re  a lo n e  a c c o u n te d  f o r  53*3 % o f  th e  
t o t a l  v a r i a t i o n ) .
A d i c y c l i c  p a t t e r n  o f  gam ogenesis  was o b se rv e d .
A verage g am o g en e tic  b ro o d  s i z e  was s i g n i f i c a n t l y  s m a l le r  i n  
s p r in g  (2 .1 7  -  95 % C . I .  = 0 .4 6 )  th a n  i n  f a l l  (3 .9 6  -  0 .2 3 ) .  
B u to r in a  (1 971a) a l s o  o b se rv e d  s e a s o n a l  d i f f e r e n c e s  i n  gamo­
g e n e t ic  b ro o d  s i z e  ( 2 .5  e g g s /b ro o d  -  s p r i n g ,  4 .0  e g g s /b ro o d  -  
f a l l ) .
When r e g r e s s e d  a g a i n s t  am b ien t w a te r  te m p e r a tu re ,  
r e c ip r o c a l  d u r a t io n  o f  b ro o d  developm en t (1 /D ) e x h ib i te d  a
5 k
l i n e a r  r e l a t i o n s h i p .  The e q u a t io n  w as: l/D  = 0 .0 1 ^ 6  (tem p.
°C) -  0 .0 4 1 3 , r  = + 0 .9 2 7 , f o r  D i n  d ay s , s lo p e  s i g n i f i c a n t l y  
g r e a t e r  th a n  z e ro  ( p < 0 .0 0 1 ) .  A lth o u g h  th e  b i o l o g i c a l  r e l a ­
t io n s h ip  b e tw een  developm en t tim e  and te m p e ra tu re  may more 
c lo s e ly  a p p ro x im a te  a  Q10 re sp o n s e  and , t h e r e f o r e ,  be c u r v i ­
l i n e a r  and a  pow er f u n c t io n  ( B o t t r e l l ,  1975; H a l l ,  1964; Munro 
and W hite , 1975), f o r  th e  r e s o l u t i o n  and ra n g e  o f  f i e l d  
c o n d it io n s  i n  t h i s  s tu d y , a  l i n e a r  model was a  good p r e d i c t o r  
o f p a r th e n o g e n e t ic  b ro o d  developm en t t im e .
B. S e a so n a l ab u n d an ce , c o m p o s itio n , and  p o p u la t io n  grow th  
S e a so n a l abundance c u rv e s  f o r  1975 (F ig* I I I -3 A )  and 
1976 (F ig .  I I I -4 A )  w ere dom in a ted  by a  s p r in g  maximum o f  k  -  
5 tim e s  g r e a t e r  th a n  summer p o p u la t io n  l e v e l s .  I n  b o th  y e a r s ,  
th e  p o p u la t io n  was o n ly  p r e s e n t  i n  th e  w a te r  colum n i n  th e  i c e -  
f r e e  p e r io d .  F o llo w in g  i c e - o u t  ( e a r l y  A p r i l ) ,  t o t a l  p o p u la t io n  
s iz e  grew e x p o n e n t ia l ly  t o  a  s p r in g  maximum in  l a t e  May. An 
e x p o n e n tia l  d e c l in e  fo llo w e d  t h i s  s p r in g  maximum to  a  summer 
p la te a u .  I n  e a r ly  A ugust o f  b o th  y e a r s ,  a  s l i g h t  se co n d a ry  
peak in  abundance o c c u r re d , and was m ost n o t i c e a b le  i n  1976 . 
A f te r  t h i s  se c o n d a ry  p eak , p o p u la t io n  s iz e  d e c l in e d  l i n e a r l y  
to  zero  j u s t  p r i o r  to  i c e - o n  i n  e a r ly  D ecem ber.
P o p u la t io n  c o m p o s itio n  ( F ig s .  I I I - 3 B ,  III-^-B ) changed 
betw een a s e x u a l  ( p a r th e n o g e n e t ic )  and s e x u a l p e r io d s .  Two 
p e r io d s  o f  s e x u a l r e p r o d u c t io n  ( l a t e  s p r in g  a t  th e  abundance 
maximum and m id - f a l l )  a l t e r n a t e d  w ith  th r e e  a s e x u a l  p e r io d s  
( e a r ly  s p r in g ,  a  lo n g  summer p e r io d ,  and l a t e  f a l l ) .  J u v e n i le s  
were th e  f i r s t  Polyphem us to  a p p e a r  in  th e  s p r in g  o f each  y e a r .
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F ig .  I I I - 3 .  S e a so n a l change i n  p o p u la t io n  s t a t i s t i c s  f o r  th e  
1975 Polyphem us p o p u la t io n  o f  S to n e h o u se  Pond.
A. S e a s o n a l abundance  -  v e r t i c a l  b a r s  r e p r e s e n t  
95 % c o n f id e n c e  i n t e r v a l s .  B. P e r c e n t  com posi­
t i o n  -  d a rk  s h a d in g  (M) r e p r e s e n t s  m a le s , l i n e s  
(G) -  g am o g en e tic  f e m a le s ,  d o ts  (P ) -  p a r th e n o ­
g e n e t ic  fe m a le s ,  an d  c l e a r  ( J )  -  j u v e n i l e s .  C.
In s ta n ta n e o u s  r a t e  o f  p o p u la t io n  i n c r e a s e  ( r )  
b a se d  on e s t im a te s  o f  t o t a l  p o p u la t io n  s i z e  
( s o l i d  l i n e )  and  b a se d  on 95 % c o n f id e n c e  l i m i t  
ex trem es a b o u t th e  p o p u la t io n  t o t a l  (d a sh e d
l i n e  -  r mav and  r™ ^^). S haded a r e a  b e tw een  r  , max mm-' . maxand  r e p r e s e n t s  th e  ra n g e  o f  p o s s ib l e  r
v a lu e s  due to  sa m p lin g  v a r i a b i l i t y .  D. I n ­
s ta n ta n e o u s  b i r t h  (b )  an d  d e a th  (d )  r a t e s .  N ote: 
n e g a t iv e  d v a lu e s  ( - d )  w ere u s e d  s in c e  m o r t a l i t y  
r e p r e s e n t s  a  lo s s  from  th e  p o p u la t io n .  H o r iz o n ta l  
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F ig .  1 1 1 -4 . S e a s o n a l  change i n  p o p u la t io n  s t a t i s t i c s  f o r  th e  
1976 Polyphem us p o p u la t io n  o f  S to n eh o u se  P ond.
A. S e a s o n a l ab u n d an ce . B. P e r c e n t  c o m p o s itio n .
C. I n s ta n ta n e o u s  r a t e  o f  p o p u la t io n  in c r e a s e  ( r ) .
D. I n s ta n ta n e o u s  b i r t h  (b ;  and  d e a th  (d )  r a t e s .  
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These ju v e n i le s  w ere e x e p h ip p ia l  i n d i v i d u a l s ,  s in c e  l )  th e y  
ap p eared  "before th e  p re s e n c e  o f  m a tu re  fem a les  and  2) l i t t o r a l  
sed im en t sam ples ta k e n  j u s t  a f t e r  i c e - o u t  r e v e a le d  Polyphem us 
r e s t in g  eggs w ith  l a t e  s ta g e  em bryos. As t h i s  c o h o r t  o f  
e x e p h ip p ia l ju v e n i l e s  m a tu re d , p o p u la t io n  c o m p o s itio n  became 
dom inated b y  p a r th e n o g e n e t ic  f e m a le s .  O s c i l l a t i o n s  i n  p e r c e n t  
co m p o sitio n  o f  j u v e n i l e s  an d  p a r th e n o g e n e t ic  fem a les  c o n tin u e d  
th ro u g h o u t th e  summer an d  2 - 3  p eak s  o c c u r re d  i n  each  y e a r .
In  b o th  y e a r s ,  s e x u a l  i n d iv id u a l s  a p p e a re d  a t  th e  
sp r in g  abundance maximum and  p ro d u c ed  r e s t i n g  eggs ( P ig s .
I I I -3 B , I I I - 4 B ) .  A seco n d  p e r io d  o f  s e x u a l  r e p ro d u c t io n  
o c cu rred  i n  th e  f a l l  o f  each  y e a r ,  an d  a t  t h a t  tim e  th e  
p o p u la tio n  was a lm o s t e x c lu s iv e ly  composed o f  m ales and  gamo- 
g e n e tic  f e m a le s .  W hile s e x  r a t i o s  w ere r e l a t i v e l y  even  i n  
th e  s p r in g  s e x u a l  p e r io d ,  a  s i g n i f i c a n t l y  l a r g e r  p e r c e n t  o f  
th e  p o p u la t io n  was m ales i n  th e  f a l l .  I n  l a t e  f a l l ,  th e  
p o p u la tio n  was once more d o m in a ted  by p a r th e n o g e n e t ic  i n d iv id u a l s  
b u t th e  t o t a l  p o p u la t io n  s i z e  was e x tre m e ly  low .
H ig h e s t r  v a lu e s  w ere o b se rv e d  i n  th e  s p r in g  o f  each  
y e a r  j u s t  p r i o r  to  th e  s p r in g  maximum i n  abundance  ( P ig s .
I I I -3 C , I I I - 4 C ) .  A r i s e  i n  th e  r  v a lu e  c u rv es  was a l s o  a s s o ­
c ia te d  w ith  th e  s e c o n d a ry  p eak  in p o p u la t io n  abundance i n  e a r l y  
August o f  each  y e a r .  I n  th e  f a l l  o f  each  y e a r ,  r  was n e g a t iv e  
as th e  p o p u la t io n  d e c l in e d  to  z e r o .  T h roughou t th e  r e s t  o f  
each y e a r ,  r  o s c i l l a t e d  a b o u t z e r o .  The ra n g e  o f  r  v a lu e s  
due to  sa m p lin g  v a r i a b i l i t y  g e n e r a l l y  v a r i e d  b e tw een  0 .2  and  
0 .4 .  E xtrem e ra n g e  o f  r  was o b se rv e d  i n  th e  f a l l  o f  b o th
60
years  and  i n  l a t e  June o f  1976, an d  was due t o  r e l a t i v e l y  
wide c o n f id e n c e  l i m i t s  ( F ig s .  I I I - 3 A ,  I II -4 -A ).
E s t im a te s  o f  b u s in g  th e  fo rm u la e  o f  Edmondson ( i9 6 0 ) ,  
Casw ell (1 9 7 2 ) , and  P aloheim o  (1974-) w ere n e a r l y  i d e n t i c a l  
th ro u g h o u t m ost o f  each  y e a r  e x c e p t i n  e a r l y  s p r in g  an d  l a t e  
f a l l  when th e s e  e s t im a te s  d i f f e r e d  by  a s  much a s  58 %. C old 
w ater te m p e ra tu re s  r e s u l t i n g  i n  lo n g  d u r a t io n  o f  developm en t 
(Edmondson, I9 6 0 ; P a lo h e im o , 1974-) an d  l a r g e  b ro o d  s i z e  ( F ig .  
I I I -1 B )  a t  th e s e  t im e s  p ro b a b ly  a c c e n tu a te d  m a th e m a tic a l 
d i f f e r e n c e s  i n  th e  above fo rm u la e . P aloheim o  (1974-) has 
d em o n stra ted  c o n v in c in g ly  t h a t  th e  fo rm u la e  o f  Edmondson and  
Casw ell o v e re s t im a te  b a s  D i n c r e a s e s .  T h e re fo re ,  P a lo h e im o 's  
form ula was u se d  t o  sum m arize s e a s o n a l  changes i n  b .
The o n ly  c o n t r ib u t io n  to  n a t a l i t y  w ere from  h a tc h in g  
of r e s t i n g  eggs and  p a r th e n o g e n e t ic  r e p r o d u c t io n .  As Polyphem us 
h a tch ed  from  r e s t i n g  eggs i n  e a r l y  s p r in g  o f  b o th  y e a r s , b 
was h ig h e s t  and  was e q u a l to  r  s in c e  d was z e ro  ( F ig s .  I I I - 5 D ,  
III-4 -D ). L a rg e  p a r th e n o g e n e t ic  b ro o d s  ( F ig .  I I I - 1 B )  an d  a 
h igh  p e r c e n t  o f  p a r th e n o g e n e t ic  fem a les  s u s t a in e d  n a t a l i t y  
a t  a  h ig h  l e v e l  and  c o n t r ib u te d  to  th e  s p r in g  abundance maximum. 
A sh a rp  d e c re a s e  i n  n a t a l i t y  im m e d ia te ly  p re c e d e d  t h i s  maximum. 
This was due to  d e c l in in g  b ro o d  s i z e  and  to  a  l a r g e  p e r c e n t  
of s e x u a l  i n d iv id u a l s  i n  th e  p o p u la t io n  w hich  p ro d u ced  r e s t i n g  
eggs an d , t h e r e f o r e ,  d id  n o t  im m e d ia te ly  c o n t r ib u t e  t o  n a t a l i t y .  
The d e c re a s e  i n  abundance fo l lo w in g  th e  s p r in g  maximum was 
p r im a r i ly  due to  t h i s  change i n  n a t a l i t y ,  s in c e  m o r t a l i t y  was 
r e l a t i v e l y  c o n s ta n t  a t  t h a t  t im e .
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The in c r e a s e  i n  p o p u la t io n  g ro w th  r a t e  a s s o c i a t e d  w ith  
each s e c o n d a ry  p ea k  i n  abundance r e s u l t e d  from  d i f f e r e n t  r e l a ­
t io n s h ip s  b e tw een  n a t a l i t y  and  m o r t a l i t y  ( F ig s .  I I I - 3 ,  1 1 1 -4 ) .  
In 1975? th e  in c r e a s e  i n  r  was due t o  a  d e c re a s e  i n  m o r t a l i t y  
w hile  n a t a l i t y  and  b ro o d  s i z e  ( F ig .  I I I - 1 B )  rem ain ed  r e l a t i v e l y  
unchanged. I n  1976, r  in c r e a s e d  w ith  an  in c r e a s e  i n  n a t a l i t y  
which was a s s o c i a t e d  w ith  a  s l i g h t  r i s e  i n  b ro o d  s i z e  w h ile  
m o r ta l i ty  was r e l a t i v e l y  c o n s ta n t .
F i n a l l y ,  n e g a t iv e  r  v a lu e s  o b se rv e d  a s  p o p u la t io n  s i z e  
d e c lin e d  i n  th e  f a l l  w ere p ro b a b ly  th e  r e s u l t  o f  a n  i n c r e a s e  
in  m o r t a l i t y  a s  s e x u a l  in d iv id u a l s  d ie d  w h ile  p e r  c a p i t a  
n a t a l i t y  was n e a r l y  z e ro .
C. G am ogenetic vs  P a r th e n o g e n e t ic  r e p ro d u c t io n
The c o n t r ib u t io n  o f  g am o g en e tic  and  p a r th e n o g e n e t ic  
re p ro d u c tio n  a t  t im e s  o f  gam ogenesis i s  q u a n t i f i e d  i n  T ab le  
I I I - 2 .  The dom inan t p e r io d  o f  r e s t i n g  egg p r o d u c t io n  o c c u r re d  
a t  th e  s p r in g  p eak  i n  abundance i n  b o th  1975 and  1976 . T h is  
dominance was m ost s t r i k i n g  i n  th e  s p r in g  o f  1975 ) when th e  
maximum num ber o f  r e s t i n g  eggs was f i f t e e n  tim e s  g r e a t e r  th a n  
th e  f a l l  maximum (T ab le  I I I - 2 ) . I n  1976 , th e  s p r in g  maximum 
number o f  r e s t i n g  eggs ex ceed ed  th e  f a l l  maximum b y  a  f a c t o r  
o f f o u r .  A lth o u g h  g am o g en e tic  b ro o d  s i z e  and  p e r c e n t  com posi­
t io n  i n  th e  t o t a l  p o p u la t io n  ( F ig s .  I I I - 3 B ,  I I I - 4 B )  w ere lo w er 
in  s p r in g  th a n  i n  f a l l ,  th e  t im in g  o f  gam ogenesis w ith  th e  
s p r in g  maximum i n  abundance ( F ig s .  I I I - 3 A ,  I I I -4 A )  a c c o u n te d  
fo r  th e  g r e a t e r  n u m e r ic a l  im p o rta n c e  o f  t h i s  s p r in g  p e r io d  o f  
r e s t i n g  egg p r o d u c t io n .
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T a b le  I I I - 2 .  The t o t a l  num ber o f  p a r th e n o g e n e t ic  embryos and 
r e s t i n g  eggs w hich  w ere o b se rv e d  i n  th e  P o ly ­
phemus p o p u la t io n  i n  each  s p r in g  and  f a l l  
p e r io d  o f  gam ogenesis  (1 9 7 5 -1 9 7 6 ) . I n  p a r e n th e ­
s e s :  th e  r e l a t i v e  im p o rta n c e  (%) o f  gam ogenetic
and  p a r th e n o g e n e t ic  r e p ro d u c t io n  on each  d a t e .
D ate
O
T o ta l  in  Polyphem us p o p u la t io n  (N x  10°) 
P a r th e n o g e n e t ic  em bryos R e s t in g  eggs
20-V -75 1.3816 54#) 1 .1895 (46$)
28-V-75 0 .3677 28$) 0 .9 3 2 3 (72$)
l l -Y I - 7 5 0 .4118 84$) 0 .0 7 9 6 ( 16$)
19-V I-75 0.2670 8 9%) 0.0330 ( 11$)
2-X -75 0 .2 9 8 3 87 % ) 0 .0441 ( 1 3 $
9-X -75 0 .2 3 7 6 75% ) 0 .0792 ( 25$
16-X-75 0 .0 4 4 7 48 $) 0 .0478 (52$)
23-X-75 0 .0 0 3 5 48$) 0 .0038 (52$)
30-X-75 0.0019 20$) 0 .0075 ( 80$)
19-V-76 2.8760 87 % ) 0 .4 1 8 1 (13$-)
27-V-76 2.7150 94$) 0 .1 7 9 3 ( 6$)
2-V I-76 1.7169 96$) 0.0632 ( 4$)
15-X-76 0 .1 3 0 9 5 7 $ 0.0968 (43$)
25 -X-76 0 .0354 6996) 0.0157 ( 31$)
5 -X I-76 0.0005 5 5 $ 0 .0 0 0 4 ( 45$)
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On o n ly  one d a te  i n  th e  s p r in g  and  f a l l  o f  1975? r e s t ­
in g  eggs a c c o u n te d  f o r  a  g r e a t e r  p e r c e n ta g e  o f  th e  t o t a l  
p o p u la t io n  r e p r o d u c t iv e  o u tp u t  th a n  p a r th e n o g e n e t ic  embryos 
(T able  I I I - 2 ) . On two a d d i t i o n a l  d a te s  i n  th e  f a l l  o f  b o th  
1975 and 1976 , p e r c e n ta g e s  o f  r e s t i n g  eggs and  embryos w ere 
a p p ro x im a te ly  e q u a l .  O th e rw ise , i n  1975 an d  1976, p a r th e n o ­
g e n e s is  was th e  dom inan t mode o f  r e p r o d u c t io n .  G am ogenesis 
acco u n ted  f o r  a  p a r t i c u l a r l y  low p e r c e n ta g e  o f  th e  p o p u la t io n  
re p ro d u c t iv e  o u tp u t  i n  th e  s p r in g  o f  1976 . I n  g e n e r a l ,  i t  
ap p eared  t h a t  g am o g en e tic  r e p r o d u c t io n  was n u m e r ic a l ly  more 
im p o rta n t i n  1975 th a n  i n  1976 (T a b le  I I I - 2 ) .
4 . D is c u s s io n
The s e a s o n a l  p a t t e r n  o f  change i n  p a r th e n o g e n e t ic  
brood  s i z e  e x h ib i t e d  two u n u s u a l  f e a t u r e s :  1 . th e  l a r g e s t
broods w ere th e  f i r s t  b ro o d s  i n  t h e  s p r in g  from  e x e p h ip p ia l  
Polyphemus an d  2 . t h e  a p p a re n t  l a c k  o f  c o r r e l a t i o n  b e tw een  
brood s i z e  an d  fo o d  l e v e l .  Maximum b ro o d  s i z e  o f  c la d o c e ra n s  
i s  o f te n  a t t a i n e d  a t  l a r g e r  body s i z e s  a s s o c i a t e d  w ith  th e  
f i f t h  o r  s i x t h  p o s t - a d u l t  i n s t a r s  (H u tc h in so n , 1 9 6 7 ). L arg e  
f i r s t  b roods c a n n o t be  a t t r i b u t e d  to  l a r g e  body s i z e s  o f  
th e se  e x e p h ip p ia l  P o lyphem us, s in c e  fe m a le s  w ith  th e  l a r g e s t  
broods had  th e  s m a l l e s t  body s i z e  ( s p r in g  f i r s t  b ro o d , X body 
le n g th  i n  mm = 0 .7 0  -  0 .0 2  -  95 % C . I . ;  t e n  days l a t e r ,  X = 
0 .81  i  0 .0 3 ;  simmier, X = 0 .8 1  -  0 .0 2 ) .  T h is  e v id e n c e  s u g g e s ts  
g e n e tic  d i f f e r e n c e s  i n  f e c u n d i ty  e x i s t  b e tw een  e x e p h ip p ia l  and  
n o n -e p h ip p ia l  p a r th e n o g e n e t ic  f e m a le s .
65
The o b se rv e d  la c k  o f  c o r r e l a t i o n  b e tw een  b ro o d  s i z e  
and p re y  d e n s i t y  does n o t  p r e c lu d e  a  c a u s a l  r e l a t i o n s h i p .  In  
c a la n o id  co p ep o d s , th e  s e a s o n a l  p a t t e r n  o f  change i n  c lu tc h  
s iz e  i s  o f te n  s i m i l a r  to  th e  p a t t e r n  o b se rv e d  f o r  P o lyphem us, 
and has b een  r e l a t e d  to  changes i n  fo o d  s u p p ly  (H u tc h in so n ,
1951? 1 9 6 7 ). S in c e  Polyphem us p ro v id e  some n u t r i t i o n  t o  t h e i r  
d e v e lo p in g  embryos th ro u g h  s e c r e t i o n s  i n t o  th e  b ro o d  pouch  
(H u tch in so n , 1 9 6 7 ), a  l i n k  m ig h t be e x p e c te d  b e tw een  b ro o d  
s i z e ,  embryo d ev e lo p m en t, an d  fo o d . How ever, th e  a s s o c i a t i o n  
betw een fo o d  an d  b ro o d  s i z e  i s  u n d o u b te d ly  com plex , p a r t i c u l a r l y  
f o r  p r e d a to r y  c la d o c e r a n s .  As a  m o b ile  r a p t o r ,  Polyphem us 
s e l e c t  p r e y  and  may n o t  f e e d  o n ly  in  re sp o n s e  t o  fo o d  d e n s i ty .  
T h e re fo re , d e n s i ty  a lo n e  may n o t  r e f l e c t  fo o d  a v a i l a b i l i t y .  
Q u a l i ta t iv e  d i f f e r e n c e s  i n  fo o d  a l s o  may have con founded  th e  
brood s i z e - p r e y  d e n s i ty  c o r r e l a t i o n  s in c e  th e  p r im a ry  fo o d  
so u rc e  f o r  Polyphem us i n  e a r l y  s p r in g  and  l a t e  f a l l  was copepod 
n a u p l i i ,  w h ile  i n  th e  summer r o t i f e r s  may have c o n s t i t u t e d  a 
l a r g e r  p o r t i o n  o f  t h e i r  d i e t  (M a ttso n  an d  H aney, u n p u b l i s h e d ) . 
The ex trem e d i f f i c u l t y  i n  c u l t u r i n g  Polyphem us i n  th e  l a b o r a to r y  
a ls o  may r e f l e c t  i n t r i c a t e  fo o d  r e l a t i o n s h i p s  f o r  t h i s  p r e d a t o r .
Pew l a c u s t r i n e  c la d o c e ra n s  have b een  r e p o r te d  t o  have 
d ic y c l ic  p a t t e r n s  o f  gam ogenesis  and  r e s t i n g  egg p r o d u c t io n .
In  t h i s  s tu d y ,  Polyphem us had  a  s p r in g  p e r io d  o f  s e x u a l  r e p r o ­
d u c tio n  i n  l a t e  M ay -ea rly  Ju n e  an d  a  f a l l  p e r io d  i n  O c to b e r-  
November, a l t e r n a t i n g  w ith  t h r e e  p e r io d s  o f  p a r th e n o g e n e t ic  
r e p ro d u c t io n .  A s i m i l a r  d i c y c l i c  p a t t e r n  o f  gam ogenesis  was 
su g g e s te d  f o r  Polyphem us b y  th e  o b s e rv a t io n s  o f  B u to r in a
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(1971s-) , arL<i  o c c a s io n a l ly  has  b een  r e p o r t e d  f o r  D aphnia ( e .g .
D. l o n g i s p in a , H u tc h in so n , 1 9 6 7 ).
A n o th e r a s p e c t  o f  Polyphem us s e a s o n a l  dynam ics w hich  
d i f f e r e d  m ark ed ly  from  o th e r  c la d o c e ra n s  was th e  h ig h  p e rc e n ta g e  
of m ales i n  th e  p o p u la t io n  a t  th e  tim e  o f  s e x u a l  r e p r o d u c t io n ,  
p a r t i c u l a r l y  i n  th e  f a l l  ( F ig s .  I I I - 3 B ,  I I I - 4 B ) . A lth o u g h  
some c la d o c e ra n  p o p u la t io n s  may a t  t im e s  have n e a r l y  50 % 
males ( e . g .  L e p to d o ra  k i n d t i i , Cummins e t  a l . ,  1 9 6 9 ), v a lu e s  
as h ig h  as 90 -  97 % o b se rv e d  i n  t h i s  s tu d y  a p p e a r  u n iq u e .
The s e a s o n a l  dynam ics o f  Polyphem us w ere re m a rk a b ly  
s im i la r  to  H olopedium  g ibberum  (L am pert and  K ra u se , 1 9 7 6 ).
Both p o p u la t io n s  had  d i c y c l i c  s e x u a l  c y c le s  ( s p r in g  an d  f a l l ) .  
Both had  a  g r e a t e r  p e r c e n t  o f  m ales i n  th e  f a l l  th a n  i n  th e  
s p r in g  s e x u a l  p e r io d ,  a l th o u g h  f o r  H olopedium  m ales n e v e r  
exceeded 16 % o f  th e  p o p u la t io n  c o m p o s it io n . F i n a l l y ,  i n  b o th  
p o p u la tio n s  r e s t i n g  eggs co m p rised  a  l a r g e  p e r c e n t  o f  th e  t o t a l  
r e p ro d u c tiv e  o u tp u t  a t  t im e s  o f  g am o g en es is .
F o r th e  t o t a l  Polyphem us p o p u la t io n ,  th e  s p r in g  p e r io d  
of gam ogenesis was n u m e r ic a l ly  m ost im p o r ta n t  (T a b le  I I I - 2 ) .
I t  i s  n o t  known w h e th e r th e s e  s p r in g  r e s t i n g  eggs h a tc h  i n  
th e  f a l l ,  th e  fo l lo w in g  s p r i n g ,  o r  n o t  a t  a l l  (a s  s u g g e s te d  
fo r  H olopedium  by Lam pert and  K ra u se , 1 9 7 6 ). I f  t h i s  d i c y c l i c  
p a t t e r n  o f  r e s t i n g  egg p r o d u c t io n  can  be c o n s id e re d  an  a d a p ta ­
t io n  l i f e  i n  ep hem era l h a b i t a t s  (H u tc h in so n , 1967; P ennak ,
1 9 5 5 ) 'w h ich  was r e t a i n e d  by  Polyphem us when t h i s  s p e c ie s  
in h a b i te d  l a r g e r  and  more "perm anen t"  b o d ie s  o f  w a te r ,  th e n  
some o f  th e  s p r in g  r e s t i n g  eggs may in d e e d  h a tc h  i n  th e  f a l l .
I t  i s  a l s o  p o s s ib l e  t h a t  t h i s  d i c y c l i c  p a t t e r n  o f  gam ogenesis
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may be q u i t e  common, b u t  th e  s p r in g  p e r io d  i s  red u c e d  among 
o th e r  l a c u s t r i n e  c la d o c e ra n s ,  and h a s  b een  r a r e l y  d e te c te d  
due to  l i m i t e d  sam p lin g  d e s ig n s .
I f  d i c y c l i c  gam ogenesis  h a s  b een  r e t a i n e d  by la k e  
p o p u la t io n s ,  i t  u n d o u b te d ly  h a s  s e v e r a l  a d a p t iv e  a d v a n ta g e s .
In  b o th  y e a r s ,  s p r in g  and  f a l l  gam o g en esis  began  w i th in  a  
week o f each  o th e r ,  a t  th e  same w a te r  te m p e ra tu re  (1 5 °C ), and 
a t  a  s im i l a r  d a y le n g th  ( s p r in g  -  1 4 .0  h r s . ,  f a l l  -  1 1 .5  h r s . ) .  
T h is  su g g e s te d  g am ogenesis  o c c u r re d  i n  re s p o n s e  t o  e n v iro n m e n ta l 
c o n d i t io n s  w hich  p r e d ic a te d  p o t e n t i a l l y  a d v e rse  c o n d i t io n s  
( e .g .  warm summer te m p e r a tu re s  o r  c o ld  w in te r  t e m p e r a tu r e s ) .
Two p e r io d s  o f  gam o g en esis  cued to  th e  same e n v iro n m e n ta l 
c o n d it io n s  may p ro v id e  a  d e g re e  o f  red u n d an cy  w hich  w ould 
in c r e a s e  th e  p r o b a b i l i t y  o f  p o p u la t io n  s u r v iv a l  from  y e a r  to  
y e a r .  However, b o th  s e x u a l p e r io d s  n eed  n o t  a r i s e  from  th e  
same s e l e c t i v e  p r e s s u r e s .  The s p r in g  p e r io d  may be a  re sp o n s e  
to  crowded c o n d i t io n s  and p o s s ib le  fo o d  l i m i t a t i o n  a s s o c ia t e d  
w ith  th e  abundance maximum, a s  h a s  b een  su g g e s te d  f o r  o th e r  
c la d o c e ra n s  (H u tc h in so n , 1967)■ S p r in g  gam ogenesis  may a ls o  
p ro v id e  a means f o r  maximum s u r v iv a l  a t  a  tim e  o f  in te n s e  
p r e d a t io n  by p la n k t iv o r o u s  f i s h  l a r v a e  by a l lo w in g  th e  p rim a ­
r i l y  l i t t o r a l  Polyphem us p o p u la t io n  t o  " e sc ap e "  a s  r e s t i n g  
eggs in  th e  s e d im e n ts .
The n a t a l i t y  and m o r t a l i t y  r a t e s  p r e s e n te d  i n  t h i s  
s tu d y  w ere c a l c u l a t e d  u s in g  a  p e r  c a p i t a  egg r a t i o  (P alohe im o  
197*0 > and can n o t be d i r e c t l y  com pared to  r a t e s  d e r iv e d  from  
th e  r a t i o  o f  em bryos p e r  p a r th e n o g e n e t ic  fe m a le . The fo rm e r 
r a t e s  a r e  s e n s i t i v e  to  ch an g es  i n  p o p u la t io n  c o m p o s itio n  and
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d ec re a se  a s  th e  p e r c e n t  o f  s e x u a l in d iv id u a l s  i n c r e a s e s .  
Polyphemus m o r t a l i t y  r a t e s  c a l c u l a t e d  f o r  co m p ariso n  w ith  
o th e r  s tu d ie s  (d  = h -  r ,  h b a se d  on p a r th e n o g e n e t ic  fe m a le s  
only) w ere h ig h e s t  i n  th e  summer, b u t  on o n ly  t h r e e  o c c a s io n s  
exceeded 0 -3  (d = 0 . 3 b ,  2 2 -V II-7 5 ; 0 .3 1 ,  2 -V I-7 6 ; 0 .3 7 , 9- V I -76 ) • 
In  c o n t r a s t ,  H a l l  (196*0, W rig h t ( 1965) ,  A p p le g a te  and M ullan  
( 1969) ,  and P re p a s  and R ig le r  ( 1978) a l l  o b se rv e d  in s ta n ta n e o u s  
m o r ta l i ty  r a t e s  f o r  D aphn ia  i n  e x c e ss  o f  d = 0 .5  in  th e  summer. 
P re d a tio n  p ro b a b ly  c o n t r ib u te d  to  h ig h  D aphn ia  m o r t a l i t i e s  i n  
th e  f i r s t  th r e e  s t u d i e s ,  w h ile  n e o n a te  d e a th  a t  th e  tim e  o f 
b i r t h  m ost l i k e l y  r e s u l t e d  i n  h ig h  summer m o r t a l i t y  i n  th e  
s tu d y  o f P re p a s  and R ig le r  ( 1978) .
F o r P o lyphem us, e x te r n a l  s o u rc e s  o f  m o r t a l i t y  ( e .g .  
p re d a tio n )  p ro b a b ly  do n o t  change s i g n i f i c a n t l y  th ro u g h o u t th e  
y e a r . S in c e  g am o g en e tic  fe m a le s  d ie  w ith  th e  r e l e a s e  o f  t h e i r  
only  b rood  o f  r e s t i n g  eggs (B u to r in a ,  1971a; M akrush in , 1973), 
t h e i r  " n a tu r a l"  m o r t a l i t y  c o n t r ib u te d  a s  much a s  32 % t o  th e  
p o p u la t io n  m o r t a l i t y  i n  th e  s p r in g  o f 1975 (12 % i n  1976) .
In  b o th  Polyphem us and H olopedium  (L am pert and  K rau se , 1976) ,  
th e  d e c l in e  in  p o p u la t io n  s i z e  fo l lo w in g  s p r in g  maximum was 
most l i k e l y  due to  a  d e c l in e  i n  n a t a l i t y  a s s o c ia t e d  w ith  gamo­
g e n e s is  and th e  p r o d u c t io n  o f  r e s t i n g  e g g s . S in c e  gam ogenesis  
was n u m e r ic a l ly  l e s s  im p o r ta n t  i n  1976 th a n  in  1975 , th e  d e c l in e  
in  p o p u la t io n  s i z e  f o l lo w in g  th e  s p r in g  abundance maximum was 
l e s s  p r e c ip i to u s  and a  b ro a d e r  peak  was o b se rv e d . More e x p e r i ­
m ental r e s e a r c h  i s  n eeded  on th e  l i f e  h i s t o r y  and p o p u la t io n  
b io lo g y  o f  Polyphem us b e f o r e  a d d i t i o n a l  a t te m p ts  a r e  made to  
i n t e r p r e t  th e  d e t a i l s  o f  i t s  p o p u la t io n  dynam ics.
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5 . Summary
The in f lu e n c e  o f  p a r th e n o g e n e t ic  and  g am o g en e tic  
re p ro d u c tio n  was exam ined w ith  r e s p e c t  to  s e a s o n a l  changes 
in  ab u n d an ce , c o m p o s it io n , and  p o p u la t io n  g row th  s t a t i s t i c s  
of a  Polyphem us p e d ic u iu s  ( L .)  p o p u la t io n  i n  S to n e h o u se  Pond, 
B a r r in g to n , N. H . , U .S .A . A s t r a t i f i e d  random sam p lin g  d e s ig n  
was em ployed to  a c c u r a t e l y  and  p r e c i s e l y  d e s c r ib e  th e s e  c h a ra c ­
t e r i s t i c s  o f  Polyphem us s e a s o n a l  dynam ics i n  1975 and  1976.
S e a s o n a l cu rv e s  f o r  change i n  p a r th e n o g e n e t ic  b ro o d  
s iz e  had  th r e e  d i s t i n c t  p h a se s  ( s p r in g ,  summer, f a l l )  ( P ig .
I I - 1 B ) .  An u n u s u a l f e a t u r e  was t h a t  th e  f i r s t  b ro o d s  i n  
th e  s p r in g  from  e x e p h ip p ia l  Polyphem us w ere th e  l a r g e s t  in  
each y e a r .  B rood s i z e  d e c l in e d  r a p i d ly  to  a  summer p l a t e a u  
and th e n  in c r e a s e d  i n  th e  f a l l .  I n  th e  s p r in g  and  f a l l ,  b ro o d  
s iz e  was i n v e r s e l y  c o r r e l a t e d  w ith  am b ien t w a te r  te m p e ra tu re  
(P ig . I I I - 2 )  and  was a p p a r e n t ly  u n r e l a t e d  to  p r e y  d e n s i t i e s .
In  th e  summer, b ro o d  s i z e  rem ain ed  r e l a t i v e l y  unchanged  and  
was n o t  c o r r e l a t e d  w ith  ch an g in g  w a te r  te m p e ra tu re  o r  p r e y  
d e n s i t i e s .
A d i c y c l i c  p a t t e r n  o f  gam ogenesis was o b s e rv e d , and  
brood s i z e  was s i g n i f i c a n t l y  s m a l le r  i n  th e  s p r in g  ( 2 .17  -
0 .4 6 )  th a n  i n  th e  f a l l  (5 -9 6  -  0 .2 3 ) .
S e a s o n a l abundance c u rv es  w ere d o m in a ted  by  a  s p r in g  
maximum o f  4  -  5 t im e s  g r e a t e r  th a n  summer p o p u la t io n  l e v e l s  
(P ig s .  I I I - 3 A ,  I I I - 4 A ) .  A s l i g h t  s e c o n d a ry  p eak  i n  abundance 
o c c u rre d  i n  A ugust o f  b o th  y e a r s .  As e v id e n c e  o f  th e  d i c y c l i c  
gam ogenesis, two s e x u a l  ( a t  th e  s p r in g  abundance  maximum and 
in  m i d - f a l l )  and  t h r e e  p a r th e n o g e n e t ic  ( e a r l y  s p r in g ,  a  lo n g
summer p e r io d ,  and  l a t e  f a l l )  p e r io d s  o f  r e p r o d u c t io n  w ere 
observed  i n  each, y e a r  ( F ig s .  I I I - 3 B ,  I I I - 4 B ) . Sex r a t i o s  
were r e l a t i v e l y  even i n  th e  s p r in g ,  h u t  i n  th e  f a l l  m ales 
com prised more th a n  90 % o f  th e  p o p u la t io n .  P o p u la t io n  g row th  
was c h a r a c te r iz e d  p r im a r i l y  by  changes i n  n a t a l i t y  a s s o c i a t e d  
w ith  th e s e  a l t e r n a t i n g  r e p r o d u c t iv e  modes ( F ig s .  I I I -3 C -D ,
I I I -4 C -D ) .
The t im in g  o f  s p r in g  gam ogenesis w ith  th e  abundance  
maximum r e s u l t e d  i n  g r e a t e r  r e s t i n g  egg p r o d u c t io n  i n  th e  
s p r in g  th a n  i n  th e  f a l l  (T a b le  I I I - 2 ) .  I n  b o th  s e x u a l  p e r io d s ,  
r e s t in g  egg p r o d u c t io n  was l a r g e  an d  o c c a s io n a l ly  th e  dom inan t 
mode o f r e p r o d u c t io n .  T hese r e s u l t s  a r e  d is c u s s e d  w ith  
r e s p e c t  to  th e  p red o m in an ce  o f  d i c y c l i c  s e x u a l  c y c le s  i n  th e  
C lad o ce ra , t h e i r  a d a p t iv e  a d v a n ta g e s ,  an d  in f lu e n c e  on p o p u la ­
t io n  d y n am ics .
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SECTION IV
PATCH STRUCTURE AND PATTERNS OE PATCHINESS 
IN A POLTPHEMUS PEDICULUS POPULATION
1. I n t r o d u c t io n
Many s tu d i e s  h av e  d e m o n s tra te d  th e  e x i s te n c e  o f  
zo o p lan k to n  p a tc h e s  h u t  few  d e s c r ib e  th e  s t r u c t u r e  an d  p a t t e r n  
of p a tc h e s  o r  changes i n  th e s e  com ponents i n  tim e  an d  sp a c e  
(H aury, 1 9 7 6 ). R ecen t r e s e a r c h  has  em phasized  a  n eed  f o r  
b io lo g ic a l  s t u d i e s  o f  z o o p la n k to n  a g g re g a t io n s  n o t  o n ly  a s  an  
i n t e r e s t i n g  phenom enon, b u t  t o  e v a lu a te  t h e i r  r o l e  i n  ecosy stem s 
( e .g .  C l u t t e r ,  1969; Dumont, 1967 , Em ery, 1968; Hamner and  
C a r le to n , 1979; H aury , 1976; S t e e l e ,  1974-). I t  a p p e a rs  from  
th e s e  s tu d i e s  t h a t  th e  s t r u c t u r e  an d  p a t t e r n  o f  z o o p la n k to n  
p a tc h e s  r e s u l t s  from  th e  i n t e r a c t i o n  o f  b i o l o g i c a l  and  
en v iro n m e n ta l f a c t o r s .
The p u rp o se  o f  t h i s  s tu d y  was to  exam ine i n  d e t a i l  
th e  te m p o ra l an d  s p a t i a l  p a t t e r n s  o f  p a tc h in e s s  i n  a  p o p u la ­
t io n  o f  th e  p r e d a to r y  c la d o c e r a n ,  Polyphem us p e d ic u lu s  ( L . ) .  
P a t te rn s  w ere com pared on t im e  s c a l e s  v a ry in g  from  two y e a rs  
to  h o u rs  and  on s p a c e  s c a l e s  ra n g in g  from  s e v e r a l  h u n d red  
m eters  (w h o le - la k e )  to  c e n t im e te r s . Components o f  p a tc h  
s t r u c t u r e  exam ined in c lu d e d  h o r i z o n ta l  and  v e r t i c a l  d im e n s io n s , 
i n t e r n a l  and  e x te r n a l  d e n s i ty  and  c o m p o s it io n , and  s t a t i s t i c a l  
d i s p e r s io n .  A ttem p ts  w ere a l s o  made t o  e v a lu a te  th e  cau ses
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and f u n c t io n  o f  Polyphem us p a t c h e s , and  t h e i r  r e l a t i o n s h i p  
to  Polyphem us p o p u la t io n  d y n am ics .
2 . M a te r ia ls  and  M ethods
A. T erm ino logy
I n  t h i s  s tu d y  i t  was n e c e s s a r y  t o  d i s t i n g u i s h  b e tw een  
s e v e ra l  te rm s u se d  to  d e s c r ib e  th e  g ro u p s o f  z o o p la n k to n . 
C lu t te r  (1 9 6 9 ) , M au ch lin e  (1971)»  an.d Z e lickm an  (1974) have 
rev iew ed  t h i s  te rm in o lo g y , and  t h e i r  d e f i n i t i o n s  w ere u se d  
to  d i f f e r e n t i a t e  p a tc h  ( o r  a g g r e g a t io n ) ,  s h o a l ,  s c h o o l ,  and  
swarm.
A p a tc h  o r  a g g r e g a t io n  i s  a  s i n g l e  o r  m u l t i s p e c ie s  
group s t a t i s t i c a l l y  d e f in e d  a s  o v e r - d i s p e r s e d  (= s u p r a -  
d is p e r s e d )  m aking no in f e r e n c e  to  th e  f a c t o r s  r e s p o n s ib le  f o r  
t h i s  clum ped o r  c l u s t e r e d  d i s t r i b u t i o n .  The re m a in in g  th r e e  
term s a l l  im p ly  some l e v e l  o f  b i o l o g i c a l  i n t e r a c t i o n .  A 
s h o a l o f  z o o p la n k to n  i s  a  l a r g e ,  s i n g l e  s p e c i e s ,  a g g r e g a t io n  
ra n g in g  i n  s i z e  from  a  few  m e te rs  to  te n s  o f  m e te rs  a c r o s s .  
I n d iv id u a ls  w i th in  a  s h o a l  may be  u n ifo rm ly  sp a c e d  o r  th e y  
may be composed o f  s m a l le r  c o h e s iv e  g roups (swarms o r  s c h o o l s ) .  
A swarm o f  z o o p la n k to n  i s  a  s m a l l ,  s i n g l e  s p e c ie s  a g g r e g a t io n  
o f te n  l e s s  th a n  one m e te r  a c r o s s ,  and  c h a r a c t e r i z e d  b y  an  
i n t e r r e l a t i o n s h i p  o f  i n d i v i d u a l s .  T h is  te rm  im p lie s  g r e a t e r  
c o h e s iv e n e ss  th a n  i s  fo u n d  i n  a  s h o a l ,  and  swarm d e n s i t i e s  
o f te n  exceed  s h o a l  d e n s i t i e s  by  a  f a c t o r  o f  t h r e e  o r  m ore .
A sc h o o l i s  a  s p e c i a l i z e d  swarm i n  w hich  in d iv id u a l s  a r e  
u n ifo rm ly  s p a c e d , o r ie n te d  p a r a l l e l  to  each  o th e r  ( p o l a r i z e d ) ,  
and swimming i n  th e  same d i r e c t i o n .  Z elickm an  (1974) ex te n d s
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th e  d e f i n i t i o n  o f  swarm to  im p ly  t h a t  th e  o rg an ism s i n  a 
swarm " re c o g n iz e "  each  o th e r  an d  t h a t  th e  swarm i s  c a p a b le  
o f i n t e g r a t e d  b e h a v io u r  w i th in  l a r g e r  g ro u p s .  T h is  c o n c e p t 
o f a  swarm a s  a  " su p e r-o rg a n ism "  a p p e a rs  w id e ly  a d h e re d  to  
by th e  R u ss ia n  w orkers  ( e . g .  D arkov , 1975; R adakov, 1975; 
and Z e lick m an , 1974-) h u t  was n o t  u s e d  i n  t h i s  s tu d y .
B. S tu d y  S i t e
S to n eh o u se  Pond i n  s o u th e a s te r n  New H am psh ire , U .S .A . 
(4-3°12'N, 71 °0 6 'W ), was s e l e c t e d  a s  th e  s tu d y  s i t e  p r im a r i l y  
b ecau se  i t  ( l )  c o n ta in e d  l a r g e  Polyphem us p o p u la t io n s ,  (2 )  
la k e  m orphom etry  was c o n d u c iv e  to  s a m p lin g , and  (3 )  i t  was 
e a s i ly  a c c e s s i b l e .  I t  i s  a  g l a c i a l  k e t t l e  l a k e ,  w ith  a  
sm a ll d r a in a g e  b a s in  o f  m ixed d ec id u o u s  an d  c o n i f e r  f o r e s t ,  
and i s  s l i g h t l y  d y s t r o p h ic .  The m ain  w a te r  s u p p ly  i s  from  
a sm a ll s tre a m  w hich  flo w s i n t o  t h e  la k e  th ro u g h  a  swampy 
a re a  on th e  w es t s id e  o f  th e  l a k e ,  an d  from  g ro u n d  w a te r  
and s e a s o n a l  r u n o f f  on th e  s o u th w e s t s id e  ( P ig .  I Y - l ) .  An 
u n u su a l m o rp h o m etric  f e a t u r e  o f  t h i s  la k e  i s  th e  g r a n i t e  c l i f f  
which r i s e s  v e r t i c a l l y  o u t o f  th e  w a te r  on th e  so u th w e s t 
s h o r e l in e  to  a  h e ig h t  above th e  w a te r  o f  35 m e te rs  ( P ig .  I V - l ) .  
Lake c o n to u rs  r e f l e c t  th e  s lo p e  o f  th e  c l i f f  i n  t h i s  r e g io n .  
A d d i t io n a l  p h y s ic a l ,  c h e m ic a l, and  b i o l o g i c a l  in fo r m a t io n  may 
be found  i n  P e r r a n te  (1974-).
0 . S am pling  D esign
A s t r a t i f i e d  random  sa m p lin g  d e s ig n  ( B a r r e t t  and  
N u tt ,  1975; C ochran , 1977) was u se d  t o  q u a n t i f y  s e a s o n a l  
abundance and  t o  d e s c r ib e  te m p o ra l p a t t e r n s  o f  w h o le - la k e
F ig .  I V - l .  M orphom etric  map o f  S to n e h o u se  Pond, B a r r in g to n ,  
New H am psh ire , U .S .A . The m a jo r  i n l e t  i s  th ro u g h  
a  s tre a m  w hich  flo w s i n t o  a  swamp on th e  w est 
s h o r e .  The sh a d e d  a r e a  on th e  s o u th w e s t s h o re  
i s  a  g r a n i t e  c l i f f .
STOIIEHOUSE POND 
Barrington, New Hampshire
0  5 0  100
Scale i n M eters 
Contour interval - 3 M eters 
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d i s t r i b u t i o n  o f  th e  Polyphem us p o p u la t io n .  T h is  d e s ig n  i s  
d e s c r ib e d  and  e v a lu a te d  i n  d e t a i l  e lse w h e re  ( S e c t io n  I I ) ,  
b u t w i l l  b e  b r i e f l y  o u t l in e d  w ith  r e f e r e n c e  t o  t h i s  s tu d y .
S in c e  Polyphem us i s  g e n e r a l l y  c o n s id e re d  t o  b e  a  
l i t t o r a l  z o o p la n k te r  ( B u to r in a ,  1963; H u tc h in so n , 1 9 6 7 ), 
S tonehouse  Pond was d iv id e d  h o r i z o n t a l l y  in to  s i x  m a jo r  
l i t t o r a l  s e c t io n s  and  one l im n e t ic  s e c t i o n  b a se d  on m orpho- 
m e tr ic  and  p h y s io g ra p h ic  f e a tu r e s  su c h  a s  b o tto m  ty p e ,  compass 
o r i e n t a t i o n ,  and  s h o r e l i n e  s t r u c t u r e s  ( e . g .  c l i f f ,  swamp, 
o u t l e t ) .  E ach m a jo r  s e c t i o n  was th e n  s u b d iv id e d  i n t o  t h r e e  
s u b s e c t io n s  ( f o u r  i n  s e c t io n  6) f o r  a  t o t a l  o f  22 h o r iz o n ta l  
lak e  re g io n s  ( P ig .  I V - 2 ) . A t l e a s t  two 200 l i t e r  sam ples 
were c o l l e c t e d  w i th in  each  s u b s e c t io n  u s in g  a m o d if ie d  C la rk e -  
Bumpus a p p a ra tu s  ( S e c t io n  I I ) ,  one sam p le  j u s t  below  th e  la k e  
s u r f a c e  ( c e n t e r  o f  n e t  a t  10 cm o f  d e p th )  and  one a t  0 .5  
meteors o f  d e p th .  An o v e r la p p in g  g r id  o f tows i n  s e c t io n s  
3 and  5 p ro v id e d  in fo r m a t io n  on h o r iz o n ta l  z o n a tio n  p a r a l l e l  
to  s h o re  and  a id e d  i n  d e s c r ib in g  th e  c o n f ig u r a t io n  o f  p a tc h e s  
which o c c u r re d  i n  th e s e  s e c t io n s  ( P ig .  IV -3 ) .  Tows w ere a l s o  
tak en  a t  0 .5  m e te r  i n t e r v a l s  from  0 to  3 m e te rs  (d e p th  
p e r m it t in g )  i n  a t  l e a s t  one s u b s e c t io n  o f  e ach  m a jo r  s e c t io n  
to  p ro v id e  in fo r m a t io n  on v e r t i c a l  z o n a t io n .  F i n a l l y ,  th r e e  
o b liq u e  tow s w ere ta k e n  i n  th e  l im n e t i c  zone below  3 m e te rs  
o f d e p th  on each  d a t e .  S in c e  Polyphem us w ere n e v e r  c o l l e c t e d  
in  th e s e  deep  to w s , t h e s e  sam ples w ere n o t  u se d  i n  t h i s  
a n a l y s i s .
Once e v e ry  5 t o  12 days i n  th e  i c e  f r e e  p e r io d s  o f 
1975 and  1976 , 84 sam p les  from  th e  above s p a t i a l  a rra n g e m e n t
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F ig .  IY -2 . S to n eh o u se  Pond s e c t io n s  and  s u b s e c t io n s  w hich  
w ere u se d  f o r  s t r a t i f i e d  random sa m p lin g  and  
s p a t i a l  m apping .
STONEHOUSE POND 
B a r r i n g t o n ,  N e w  H a m p s h i r e
I----------1----------1
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S c a l e  i n M e t e r s  
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F ig .  IV -3 . L o c a tio n  o f  C larke-B um pus n e t  tow s i n  r e l a t i o n  
to  th e  m a jo r  s e c t io n s  o f  S to n eh o u se  Pond.
STONEHOUSE POND 
B arrington , N ow  H am pshire
0 lo  U o
Scale in M ete rs  
C on tou r in te rv a l - 3 M ele ri 
1 9 7 5 -7 6
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were c o l l e c t e d  i n  a 6 h o u r  m idday p e r io d .  D ie l  v a r i a t i o n  i n  
p a tc h in e s s  was exam ined on two d a te s  i n  each  o f  th e  two y e a r s . 
On th e s e  o c c a s io n s ,  th e  la k e  was sam pled  on th e  f i r s t  d ay , 
th a t  n i g h t ,  and  th e  fo llo w in g  d a y . L o c a tio n  and  tim e  o f  
c o l l e c t io n  was r e c o rd e d  f o r  each  sam ple  to  r e c o n s t r u c t  s p a t i a l  
d i s t r i b u t i o n  on each  d a te  and  to  exam ine te m p o ra l v a r i a t i o n  
w ith in  th e  sam p lin g  d a te .
The t o t a l  num ber o f  Polyphem us i n  a l l  s t r a t i f i e d  
sam ples was co u n te d  and  u se d  t o  p ro v id e  e s t im a te s  o f  s e a s o n a l  
abundance. Subsam ples from  s t r a t i f i e d  sam ples f a l l i n g  w i th in  
s e le c te d  Polyphem us p a tc h e s  and  a d ja c e n t  a r e a s  w ere exam ined 
fo r  zo o p lan k to n  and  Polyphem us c o m p o s it io n . Polyphem us w ere 
c l a s s i f i e d  as j u v e n i l e s ,  p a r th e n o g e n e t ic  fe m a le s ,  g am o g en e tic  
fem a le s , o r  m a le s . I n  a d d i t i o n ,  t h r e e  random ly  s e l e c t e d  
h o r iz o n ta l  l o c a t io n s  w ere sam pled  a t  0 and  0 .5  m e te rs  o f  d e p th  
w ith  l a r g e  volum e ( i n t e g r a t e d )  tows (151 P m esh, 1 2 .5  cm 
d ia m e te r , 150 m e te r  lo n g , 1500 l i t e r s ) .  Subsam ples from  
th e se  i n t e g r a t e d  tow s p ro v id e d  w h o le - la k e  e s t im a te s  o f  
Polyphemus p o p u la t io n  c o m p o s it io n .
D. I n  s i t u  O b se rv a tio n s
In  a d d i t i o n  to  th e  sam p lin g  d e s ig n  o u t l i n e d  a b o v e , 50 
+ hours o f  i n  s i t u  o b s e rv a t io n s  w ere made i n  1976 and  1977 t o  
examine th e  i n t e r n a l  s t r u c t u r e  an d  b e h a v io u r  o f  Polyphem us 
in d iv id u a ls  w i th in  p a tc h e s .  I n  s i t u  s e s s io n s  c o n s is t e d  o f  a  
d iv e r  o r  d iv e r s  s n o r k e l in g  p a r a l l e l  t o  s h o re  i n  th e  l i t t o r a l  
o r swimming a lo n g  th e  lo n g  a x is  o f  th e  la k e  i n  th e  l im n e t i c  
zone and  r e c o rd in g  th e  l o c a t i o n  o f  o b s e rv a b le  p a tc h e s ,  and
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in c id e n ts  o f  f e e d in g ,  m a tin g , e t c .  E v en ts  w ere re c o rd e d  i n  
w r i t in g ,  an d , i n  1977 ,  w ith, a  N ikonos 35 mm cam era w ith  a  2 :1  
o r 3 :1  e x te n s io n  tu b e  on a  35 mm le n s  and  an  e l e c t r o n i c  f l a s h .  
Photographs w ere u se d  to  exam ine th e  o r i e n t a t i o n  o f  Polyphem us 
w ith  r e s p e c t  t o  each  o th e r  and  t o  m easu re  i n t e r - a n im a l  
d i s t a n c e s .
E . D ata  a n a ly s i s
' 1.. P e r c e n t  o f  p o p u la t io n  i n  th e  v e r t i c a l  o r  h o r i z o n ta l  
p la n e
D ata from  th e  s t r a t i f i e d  s a m p lin g  d e s ig n  w ere u s e d  
to  e s t im a te  th e  t o t a l  Polyphem us p o p u la t io n  f o r  each  sa m p lin g  
d a te .  M edian d e p th  CZ) o r  th e  fu lc ru m  d e p th  above an d  below  
which 50 % o f  th e  p o p u la t io n  was fo u n d , an d  th e  d e p th  above 
which 90 % o f  th e  p o p u la t io n  was fo u n d  (Z90%), w ere c a l c u l a t e d  
u s in g  a m o d if ic a t io n  o f  th e  q u a r t i l e  m ethod o f  Pennak (194-3). 
This m ethod in v o lv e d  com puting  th e  mean d e n s i ty  o f  a l l  sam ples 
a t  each Vz m e te r  i n t e r v a l  from  0 to  3 m e te rs  o f  d e p th ,  an d  th e n  
w eig h tin g  each  mean d e n s i t y  b y  th e  volum e o f  w a te r  a t  t h a t  
dep th  i n t e r v a l  to  d e te rm in e  th e  p e r c e n t  o f  th e  t o t a l  p o p u la ­
t io n  in  each  d e p th  s l i c e .  P e rc e n ta g e s  o f  th e  p o p u la t io n  w ere 
then  cu m u la ted  from  th e  s u r f a c e  to  3 m e te r s , and  Z o r  Z90% 
was d e te rm in e d  b y  l i n e a r  e x t r a p o la t io n  b e tw een  d e p th s . The 
d i f f e r e n c e  b e tw een  "Z and  Z90%, A Z, r e p r e s e n te d  v e r t i c a l  
d is p e r s io n  i n  th e  p o p u la t io n .
In  th e  h o r i z o n ta l  p l a n e ,  th e  la k e  was d iv id e d ,  
p ro ceed in g  from  th e  s h o r e l i n e  o u t ,  i n t o  c o n c e n t r ic  r in g s  o f  
0 - 5 ,  5 - 1 0 ,  1 0 - 2 0 ,  2 0 - 3 0 ,  and  g r e a t e r  th a n  30 m e te r s .
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P ercen t o f  th e  p o p u la t io n  i n  each  r i n g  was c a l c u l a t e d  i n  a
manner s i m i l a r  to  t h a t  f o r  Z. In  p r e s e n t in g  t h i s  d a ta ,
p o p u la tio n  p e r c e n t  i n  e ach  r i n g  was p l o t t e d  r e s p e c t i v e l y  a t
2, 7 , 15? 25 and  > 3 0  m e te rs  from  s h o r e .  G r e a te r  th a n  30 m e te rs
from s h o re  was c o n s id e re d  to  he  l im n e t i c ,  an d  l e s s  th a n  30
m eters was c o n s id e re d  l i t t o r a l .  A lth o u g h  somewhat a r b i t r a r y ,
th i s  bou n d ary  c o rre sp o n d s  c l o s e ly  w ith  p h y s ic a l  and  b i o l o g i c a l
f e a tu re s  o f  th e  la k e  w hich  a r e  o f te n  u se d  to  d i s t i n g u i s h  th e
two z o n e s , in c lu d in g  th e  to p  o f  th e rm o c lin e  and  th e  maximum
d is ta n c e  from  s h o re  to  w hich  r o o te d  m acro p h y tes  o c c u r .
2 . S p a t i a l  m apping
S p a t i a l  m apping was u s e d  to  exam ine th e  d e t a i l s
of w h o le - la k e  h o r iz o n ta l  d i s t r i b u t i o n  p a t t e r n s  i n  th e
Polyphemus p o p u la t io n .  I t  was n e c e s s a r y  to  u se  r e l a t i v e
d e n s ity  i n  m apping to  i s o l a t e  s p a t i a l  p a t t e r n  ( g r a in )  from
changes i n  s e a s o n a l  abundance  ( P ie lo u ,  1974) • On each  d a t e ,
_2Polyphemus d e n s i ty  was e x p re s s e d  a s  in d iv id u a ls -M  f o r  each
of th e  22 la k e  s u b s e c t io n s  ( P ig .  I V - 2 ) , and  th e n  d iv id e d  by
—2w h o le -lak e  mean d e n s i ty  ( i n d i v .  *M ) to  g iv e  r e l a t i v e  d e n s i ty  
v a lu e s . P iv e  c l a s s e s  o f  r e l a t i v e  d e n s i ty  w ere th e n  s e l e c t e d  
based upon e x a m in a tio n  o f  a  co m p o site  f re q u e n c y  h is to g ra m  o f  
a l l  r e l a t i v e  d e n s i ty  v a lu e s  from  1975 and  1976 . T h is  co m p o site  
h is to g ram  was b im o d a l, w ith  th e  s m a l le r  u p p e r  mode c e n te r e d  
above a  r e l a t i v e  d e n s i ty  o f  3 (5  tim e s  th e  a v e ra g e  la k e  d e n s i t y ) ,  
and w ith  v a lu e s  ra n g in g  from  0 to  28 . A r e l a t i v e  d e n s i ty  o f  
g r e a te r  th a n  3 was s e l e c t e d  a s  i n d i c a t i n g  a  p a tc h  o f  P o lyphem us. 
This v a lu e  a l s o  c o r re sp o n d s  w ith  o th e r  r e p o r t s  o f  w i th in  p a tc h  
d e n s i t i e s  v a ry in g  from  3-11  tim e s  t h a t  o f  a d ja c e n t  w a te rs
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(Sm ith e t  a l . , 1976; W iehe, 1 9 7 0 ). The lo w er mode o f  th e  
com posite f re q u e n c y  d i s t r i b u t i o n  was skew ed to  th e  l e f t ,  and  
was d iv id e d  i n t o  f o u r  p r o p o r t i o n a l  c l a s s e s  sy m m etric  a b o u t 1 
( r e l a t i v e  d e n s i ty  th e  same as  a v e ra g e  d e n s i t y ) ,  w hich  n o rm a l­
iz e d  t h i s  p o r t i o n  o f  th e  d i s t r i b u t i o n .  F in a l  r e l a t i v e  d e n s i t y  
c la s s e s  w ere a s  f o l lo w s :  0 -  1 /3 ,  1 /3  -  3/4-, 3/4- -  5/4-,
5 /4  -  3, and  g r e a t e r  th a n  3-
3. A g g re g a tio n  in d ic e s
2
V a r ia n c e  to  mean r a t i o  (V/X) and  s u b se q u e n t X
P o isso n  v a r ia n c e  t e s t  (G eo rg e , 1974-), and  L lo y d 's  mean crow ding  
* * ,(M) and p a tc h in e s s  (M/X) in d ic e s  (L lo y d , 1967) w ere u s e d  to  
d e s c r ib e  s t a t i s t i c a l  d i s p e r s io n .  R e g re s s io n  o f  lo g - t r a n s fo rm e d  
v a lu es  o f  th e s e  p a ra m e te rs  a g a in s t  th e  lo g  o f  mean p o p u la t io n  
d e n s ity  (X) t e s t e d  t h e i r  u s e f u ln e s s  f o r  s e a s o n a l  com parisons 
of p o p u la t io n  s t a t i s t i c a l  d i s p e r s io n  (G eo rg e , 1974-). S e v e ra l  
methods o f  com puting  L lo y d 's  in d ic e s  w ere t e s t e d ,  in c lu d in g  
e s tim a tio n  o f  th e  n e g a t iv e  b in o m ia l p a ra m e te r  k  by  m om ents, 
by th e  num ber o f  sam ples w ith  no P o lyphem us, b y  maximum 
l ik e l ih o o d ,  an d  b y  u s in g  th e  t r u n c a t e d  n e g a t iv e  b in o m ia l 
d i s t r i b u t i o n  ( B l i s s  an d  F i s h e r ,  1953; L lo y d , 1 9 6 7 ). The 
l a t t e r  th r e e  m ethods a l th o u g h  u s u a l l y  more p r e c i s e  ( B l i s s  and  
F is h e r ,  1953) r e q u i r e  c l a s s i f i c a t i o n  o f  sam ple  co u n ts  i n t o  
equal i n t e r v a l  f re q u e n c y  c l a s s e s .  F o r s e a s o n a l  co m parisons 
th i s  was n o t  p r a c t i c a l  s in c e  v a r i a t i o n  i n  s e a s o n a l  abundance 
re q u ire d  w ide f re q u e n c y  c la s s e s  i n  th e  s p r in g  and  r e l a t i v e l y  
narrow  c la s s e s  i n  th e  re m a in in g  p a r t  o f  th e  y e a r .  L lo y d 's  
in d ic e s  r e p o r te d  i n  t h i s  p a p e r ,  t h e r e f o r e ,  a r e  b a se d  on 
e s tim a te s  o f  k  by  m om ents, w hich r e q u i r e s  o n ly  in fo r m a t io n  on
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p o p u la tio n  m ean, v a r i a n c e ,  and  th e  num ber o f  s a m p le s . On 
c e r t a in  d a te s  when w ide c o n f id e n c e  i n t e r v a l s  a b o u t L lo y d 's  
in d ic e s  s u g g e s te d  k  was im p re c is e ,  and  when o th e r  e v id e n c e  
in d ic a te d  th e  p o p u la t io n  was h ig h ly  a g g r e g a te d ,  th e  maximum 
l ik e l ih o o d  m ethod was u s e d . How ever, s in c e  no s i g n i f i c a n t  
improvement i n  p r e c i s i o n  was o b se rv e d  th e s e  r e s u l t s  w ere n o t  
r e p o r te d .
4 .  A n c i l l a r y  d a ta
S e le c te d  e n v iro n m e n ta l and  h a b i t a t  p a ra m e te rs  
were o b se rv ed  to  exam ine t h e i r  c o r r e l a t i o n  w ith  p a tc h  l o c a t i o n .  
H a b ita t s u rv e y  maps w ere u se d  to  r e c o rd  th e  l o c a t io n s  o f  
a q u a tic  m acrophy te  beds and  th e  p a t t e r n  o f  s h a d in g  i n  each  
l i t t o r a l  s e c t io n  due to  s e a s o n a l  and  d a i l y  changes i n  s o l a r  
a l t i t u d e .  On each  sa m p lin g  d a t e ,  w e a th e r - r e l a t e d  in fo r m a t io n  
was re c o rd e d  a t  a  p e rm a n e n tly  f ix e d  buoy i n  th e  c e n t e r  o f  th e  
la k e , in c lu d in g  w ind d i r e c t i o n  and  sp e e d  (h a n d -h e ld  an em o m eter), 
a i r  and  w a te r  te m p e r a tu re ,  p e r c e n t  c lo u d  c o v e r ,  an d  p r e c i p i t a ­
t io n .  T h is  in fo rm a t io n  was su p p lem en ted  w ith  c o n t in u o u s ly  
reco rd ed  w e a th e r  d a ta  sum m arized i n  L o c a l C l im a to lo g ic a l  D ata  -  
M onthly D ata S h e e ts  from  th e  U .S . N a t io n a l  W eather S e r v ic e  
Bureau, C oncord , N.H. (35  km due w e s t o f  S to re h o u s e  Pond).
p
These two s e t s  o f  o b s e rv a t io n s  a g re e d  c l o s e ly  (X  = 2 6 . 8 ,  
P < 0 .0 0 1 ) ,  w ith  o n ly  one c o n s i s t e n t  d is a g re e m e n t.  When C oncord 
r e p o r te d  w ind o u t o f  th e  NE, i t  was r e c o rd e d  a s  v a r i a b l e  on 
th e  la k e  s u r f a c e ,  p ro b a b ly  due to  th e  in f lu e n c e  o f  th e  c l i f f  
on th e  SW s h o re  ( P ig .  IV -1 ) d e f l e c t i n g  a i r  c u r r e n t s .  Due to  
th i s  in c o n s i s te n c y ,  c o r r e l a t i o n s  o f  p a tc h  lo c a t i o n  and  w ind 
d i r e c t io n  w ere made u s in g  d a ta  re c o rd e d  a t  t h e  la k e  a t  th e
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tim e o f sa m p lin g . Wind v e c to r  d iag ram s on s p a t i a l  maps w ere 
based  on U .S. N a t io n a l  W eather S e rv ic e  o b s e rv a t io n s  re c o rd e d  
a t  3 h o u r i n t e r v a l s  from  0100 to  2200 on each  d ay .
5 . C o m p u ta tio n  and g r a p h ic s
A ll  d a t a  a n a ly s e s  w ere p e rfo rm ed  on a  D i g i t a l  
E le c t r o n ic s  C orp . Model 1090 com puter u s in g  p rog ram s w r i t t e n  
by th e  a u th o r .  Two and th r e e -d im e n s io n a l  maps and  g ra p h s  
were drawn by a  Calcomp p l o t t e r  u s in g  SYMAP and SYMVU co m p u ter- 
g ra p h ic  p rog ram s (D ougenik  and Sheehan, 1977) • S p l i t - p l o t  
a n a ly s is  o f v a r ia n c e  (AN0VA) was u sed  to  com pare sam ple 
co m p o sitio n  b e tw een  a r e a s  o f  h ig h  and low  Polyphem us d e n s i ty .
In  s e le c te d  sam p les  b lo c k e d  by d a te ,  th e  m ain p l o t  f a c t o r  
was th e  p re s e n c e  o r  a b se n c e  o f  a  h ig h  d e n s i ty  o f  Polyphem us 
(p a tc h  o r no p a t c h ) , and th e  s u b p lo ts  w ere lo g - t r a n s fo rm e d  
d e n s i t i e s  r e p r e s e n t in g  s p e c ie s  c o m p o s itio n . M ain p l o t  and 
su b p lo t means w ere com pared by D u n c an 's  m u l t ip le  ra n g e  t e s t .
3 • R e s u l ts
A. S e a so n a l abundance and p o p u la t io n  c o m p o s itio n
F ig s .  IV -4 and IV -5  sum m arize s e a s o n a l ,  w h o le - la k e  
changes in  abundance and c o m p o s itio n  o f  th e  Polyphem us p o p u la ­
t i o n  f o r  1975 and 1976 , r e s p e c t i v e l y ,  and a r e  p r e s e n te d  to  
p ro v id e  a  b a s i s  f o r  co m p ariso n  w ith  p a tc h  phenom ena. I n  b o th  
y e a r s ,  th e  p o p u la t io n  was o n ly  p r e s e n t  in  th e  w a te r  colum n i n  
th e  i c e - f r e e  p e r io d .  F o llo w in g  i c e - o u t  ( e a r l y  A p r i l ) ,  t o t a l  
p o p u la t io n  s i z e  grew  th ro u g h  p a r th e n o g e n e t ic  r e p ro d u c t io n  to  
a s p r in g  maximum i n  l a t e  May. A p e r io d  o f s e x u a l r e p ro d u c t io n  
c o in c id e d  w ith  t h i s  s p r in g  maximum, fo llo w e d  by a  d e c l in e  in
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F ig .  IV -4 . W h o le -lak e  s e a s o n a l  abundance  (A) an d  c o m p o s itio n  
(B) o f  th e  1975 Polyphem us p o p u la t io n  i n  S tonehouse 
P ond. V e r t i c a l  b a r s  i n  4A r e p r e s e n t  95 % c o n f id ­
ence i n t e r v a l s .  I n  4-B, d a rk  s h a d in g  (M) r e p re s e n ts  
m a le s , l i n e s  (G) -  g am o g en e tic  f e m a le s , d o ts  (P) -  
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F ig .  IV -5 . W h o le -lak e  s e a s o n a l  abundance  (A) and  co m p o s itio n  
(B) o f  th e  1976 Polyphem us p o p u la t io n  i n  S tonehouse  
■ P ond. Legend a s  i n  P ig .  IV-4-.
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abundance to  a  summer p l a t e a u  d o m in a ted  once a g a in  by  p a r t h e -  
n o g e n e tic  i n d i v i d u a l s .  I n  e a r l y  A ugust o f  b o th  y e a r s ,  a 
s l i g h t  s e c o n d a ry  p e ak  i n  abundance o c c u r re d ,  and  was m ost 
n o t ic e a b le  i n  1976. A f t e r  t h i s  s e c o n d a ry  p e a k , a  f a l l  p e r io d  
of s e x u a l r e p ro d u c t io n  o c c u r re d ,  and  p o p u la t io n  s i z e  d e c l in e d  
to  zero  j u s t  p r i o r  to  i c e - o n  i n  e a r l y  D ecem ber. S in c e  
Polyphemus p o p u la t io n  e v e n ts  w ere c l o s e ly  r e l a t e d  to  th e  
s e a so n s , changes i n  c o m p o s itio n  w ere u se d  to  d e l im i t  s e a so n s  
in  1975 and  1976 . I n  1975? s p r in g  r e f e r r e d  to  s a m p lin g  d a te s  
betw een 17 A p r i l  and  28 May, summer -  11 June to  14- S ep tem b er, 
and f a l l  -  25 S ep tem b er to  12 D ecem ber. The 1976 s e a so n s  w ere 
as fo llo w s :  s p r in g  -  9 A p r i l  to  9 J u n e , summer -  15 Ju n e  to
28 S ep tem b er, and  f a l l  -  6 O c to b e r to  24- Novem ber.
B. S e a so n a l H o r iz o n ta l  D i s t r i b u t i o n
F ig s .  IY-6A and  IV-6B sum m arize s e a s o n a l  changes i n  
w h o le -lak e  h o r i z o n ta l  d i s t r i b u t i o n  f o r  1975 and  1976 , r e s p e c t ­
iv e ly .  The p a t t e r n s  w ere q u i t e  s i m i l a r  i n  b o th  y e a r s ,  and  
were in f lu e n c e d  by  changes i n  Polyphem us abundance and  p o p u la t io n  
co m p o sitio n  ( F ig s .  IV -4A-B, IV -5A -B ). I n  e a r l y  s p r in g ,
Polyphemus in d iv id u a l s  a p p e a re d  i n  th e  l i t t o r a l  zone e x tre m e ly  
c lo se  to  s h o r e .  As p o p u la t io n  s i z e  in c r e a s e d  i n  th e  s p r in g ,  
i t  ex ten d ed  h o r i z o n t a l l y  to  th e  o u te r  edge o f  th e  l i t t o r a l  
(F ig s . IV -6 , 25 M ). By e a r l y  summer, th e  p o p u la t io n  had  
d e c lin e d  to  a  summer p l a t e a u  fo l lo w in g  a  p e r io d  o f  s e x u a l  
r e p ro d u c tio n , an d  i t  was b e g in n in g  to  a p p e a r  i n  th e  l im n e t ic  
zone (F ig .  IV -6 , > 3 0  M ). T h roughou t th e  lo n g  summer p e r io d  
of p a r th e n o g e n e s is ,  t h e  g r e a t e s t  p r o p o r t io n  o f  th e  p o p u la t io n
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F ig .  IV -6 . T h re e -d im e n s io n a l r e p r e s e n t a t i o n  o f  th e  s e a s o n a l  
change i n  h o r i z o n ta l  d i s t r i b u t i o n  o f  th e  t o t a l  
Polyphem us p o p u la t io n  o f  S to n eh o u se  P ond. A. 
1^75• B. 1976 . X a x is  = d a te  o f  y e a r ? Y a x is  
d i s t a n c e  from  s h o re  i n  m e te rs  ( n o te :  L im n e tic
zone r e p r e s e n te d  by > 30  m e te rs  from  s h o r e ) ,  Z 
a x is  = p e r c e n t  o f  t o t a l  Polyphem us p o p u la t io n .
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was found, i n  th e  l im n e t i c  zo n e . S m all p eak s  and  v a l l e y s  i n  
th e  summer p e r io d  ( F ig s .  IV-6A an d  IV -6B) r e f l e c t e d  h o r i z o n ta l  
v a r i a b i l i t y  i n  th e  p o p u la t io n  d i s t r i b u t i o n  and  th e  p re s e n c e  o f  
p a tc h e s .  As f a l l  a p p ro a c h e d  an d  s e x u a l  i n d iv id u a l s  became 
ab u n d an t, th e  p o p u la t io n  r e tu r n e d  to  th e  e x tre m e ly  n e a r - s h o r e  
l i t t o r a l  r e g io n  w here i t  rem a in ed  u n t i l  th e  la k e  was c o m p le te ly  
f ro z e n .
C. S e a s o n a l V e r t i c a l  D i s t r i b u t i o n
The Polyphem us p o p u la t io n  was r a r e l y  fo u n d  b e low  2 
m ete rs  o f  d e p th  ( P ig .  IY -7 ) .  S i m i l a r i t i e s  b e tw een  l i t t o r a l  
(P ig .  IV-7A) o r  l im n e t i c  ( P ig .  IV-7B) v e r t i c a l  p r o f i l e  and  
w h o le - la k e  p r o f i l e  ( P ig .  IV -7C) r e f l e c t e d  th e  changes i n  
h o r iz o n ta l  d i s t r i b u t i o n  o b se rv e d  i n  1975 (P ig*  IV -6A ). When 
found i n  th e  l im n e t i c  zone (sum m er), th e  p o p u la t io n  was d e e p e r  
and was m ore d i s p e r s e d  i n  th e  u p p e r  2 m e te rs  o f  th e  w a te r  
column th a n  when i t  o c c u p ie d  th e  l i t t o r a l  zone ( s p r in g  and  
f a l l )  ( p a i r e d  t - t e s t  by  d a t e ,  p < O .O l ) .
The 1975 l i t t o r a l  p a t t e r n  o f  v e r t i c a l  d i s t r i b u t i o n  
was s i m i l a r  t o  1975 (P ig*  LV-7D). L im n e tic  an d  w h o le - la k e  
com parisons c o u ld  n o t  be made i n  1976 b e c a u se  l im n e t i c  sam p les 
were c o l l e c t e d  by  i n t e g r a t i n g  th e  u p p e r  5 m e te rs  i n  th e  w a te r  
column to  f a c i l i t a t e  c o u n tin g  ( e x c e p t  f o r  d i e l  s t u d i e s ) .
D. A b io t ic  P a c to r s  I n f lu e n c in g  P a tc h  L o c a tio n  and
F o rm a tio n
A t o t a l  o f  64 r e l a t i v e  d e n s i t y  maps w ere p r e p a re d  f o r  
th e  1975-1976 s a m p lin g  p e r io d  to  exam ine th e  d e t a i l s  o f  
s e a so n a l h o r i z o n ta l  v a r i a b i l i t y  i n  t h i s  e s s e n t i a l l y  two
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B ig . IV -7 . S e a s o n a l v a r i a t i o n  i n  m edian  d e p th  (Z) an d  Z90% 
o f  th e  t o t a l  Polyphem us p o p u la t io n  i n  S to n eh o u se  
P ond. The w id th  o f  th e  sh a d e d  a r e a  = A Z . A. 
1975 l i t t o r a l ,  B. 1975 l i m n e t i c ,  C. 1975 w h o le - 
l a k e ,  D . 1976 l i t t o r a l .  S ee t e x t  f o r  a d d i t i o n a l  
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d im en sio n a l p o p u la t io n  d i s t r i b u t i o n .  From th e s e  m aps, s e v e r a l  
were s e l e c t e d  w hich  r e p r e s e n te d  c h a r a c t e r i s t i c s  o f  th e  s e a s o n a l  
d i s t r i b u t i o n  p a t t e r n s .  W ith  one e x c e p t io n  (20  A ugust 1975)? 
daytim e p a tc h  l o c a t i o n  was l i m i t e d  to  th e  l i t t o r a l  zone 
(T ab le  I V - l ) .  I n  th e  s p r in g  an d  f a l l ,  2 - 5  Polyphem us 
p a tch es  w ere o b se rv e d  on each  s a m p lin g  d a te  ( F ig s .  IV -8A -D ).
In  th e  summer, i n  c o n t r a s t ,  t y p i c a l l y  one p a tc h  was fo u n d  
(F ig s .  IV -8E -G ), an d  o c c a s io n a l ly  no p a tc h  a t  a l l  was s e e n  
(F ig . IV -8H ).
The r e l a t i o n s h i p  o f  p a tc h  lo c a t i o n  w i th  s e l e c t e d  
en v iro n m en ta l and  h a b i t a t  c h a r a c t e r i s t i c s  was exam ined to  
su g g e s t p o s s i b l e  a b i o t i c  f a c t o r s  i n f lu e n c in g  p a tc h  fo rm a tio n .
No r e l a t i o n s h i p  was fo u n d  b e tw een  h a b i t a t  f a c t o r s  su c h  a s  th e  
lo c a t io n  o f  a q u a t i c  m acro p h y te  b e d s , s h a d in g  o r  d i r e c t  su n ­
l i g h t ,  s u r f a c e  te m p e ra tu re  i r r e g u l a r i t i e s  ( e . g .  a t  s p r in g s ,  
o u tflo w , in f lo w )  o r  t im e  o f  day  and  th e  l o c a t i o n  o f  Polyphem us 
p a tc h e s . No c o r r e l a t i o n  was found  b e tw een  a tm o s p h e r ic  c o n d i­
t io n s  su c h  a s  p e r c e n t  c lo u d  c o v e r  o r  p r e c i p i t a t i o n  and  th e  
p re se n c e  o f  p a tc h e s  i n  a  p a r t i c u l a r  l o c a t i o n .  A s t r o n g  
c o r r e l a t i o n  was fo u n d  b e tw een  w ind d i r e c t i o n  a t  t h e  tim e  o f 
sam pling  and  p a tc h  l o c a t i o n  a s  i n d i c a t e d  i n  T a b le  IY -2 . T h is  
2 X 2  c o n tin g e n c y  t a b l e  a l s o  r e v e a le d  t h a t  w ind d i r e c t i o n  
was n o t  d i f f e r e n t i a l l y  c o r r e l a t e d  w ith  p a tc h  lo c a t i o n  be tw een  
s eas ons (X? f o r  in d e p e n d e n c e ) , w hich  im p lie d  t h a t  p a tc h e s  
r e a c te d  to  w in d -in d u c e d  w a te r  c u r r e n ts  i n  a s i m i l a r  m anner 
r e g a rd le s s  o f  s e a s o n .  How ever, i n  th e  s p r in g  and  f a l l  th e  
p re se n c e  o f  s e v e r a l  p a tc h e s ,  o n ly  one o f  w hich  was c o r r e l a t e d  
w ith  wind d i r e c t i o n  (a s  i n d i c a t e d  b y  th e  w ind v e c to r  d iag ram s
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T a b le  IV -1 . C l a s s i f i c a t i o n  o f  a l l  Polyphem us p a tc h e s  o b serv ed  
i n  la k e  s e c t io n s  o f  S to n eh o u se  Pond f o r  1975 and 
1976. S ee t e x t  f o r  d e f i n i t i o n  o f  p a tc h .
P atch  l o c a t i o n Number o f  p a tc h e s  o b se rv ed
( la k e  s e c t io n ) 1975 1976 t o t a l *
L i t t o r a l
S e c t io n  1 3 6 9 14 °/0
S e c t io n  2 3 2 5 8 f&
S e c t io n  3 16 5 21 33 %
S e c t io n  4 4 7 11 17 95
S e c t io n  5 8 6 14 22 #
S e c t io n  6 1 2 3 5 95
L i t t o r a l  t o t a l 35 “28 63 ~99 f*
L im n e tic
S e c t io n  7 1 0 1 1 %
Grand t o t a l s 36 28 64
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F ig .  IV -8 . S e a s o n a l  v a r i a t i o n  o f  Polyphem us p a tc h  l o c a t i o n  
i n  S to n eh o u se  Pond f o r  s e l e c t e d  d a te s  i n  1975 
and  1976 . Wind v e c to r d ia g r a m s  r e p r e s e n t  w ind 
sp e e d  ( k i l o m e t e r s •h o u r  ) an d  d i r e c t i o n  (from  
t r u e  n o r th )  ta k e n  a t  3 h o u r  i n t e r v a l s  from  0100 
t o  2200 o f  th e  sa m p lin g  d a t e .  V e c to rs  a p p l i c ­
a b le  t o  th e  s a m p lin g  p e r io d  f a l l  b e tw een  S 
( s t a r t )  and  P ( f i n i s h ) .  S ee t e x t  f o r  a d d i t i o n a l  
in fo r m a t io n .
5-M A Y -7 5
6-N O V .-75
2 0 -N 0 V .-7 5
M AP LEGEND STOREHOUSE POND
SCALE: LENGTH O F  NORTH ARRO W  - 5 0  M ETERS
WIND VECTOR SCALE:   »
  -----------     0  5 0  KPH
♦ •B U O Y
10 6




1 2 -A U G .- 7 5
2 5 - A U G .- 7 5
2 -5 E P T .-7 5
23-AUG-76
1 0 7
T ab le  IV -2 . 2 X 2  C h i- s q u a re  c o n tin g e n c y  t a b l e  d e m o n s tra tin g
th e  p o s i t i v e  c o r r e l a t i o n  b e tw een  w ind d i r e c t i o n  
a t  t h e  t im e  o f  sa m p lin g  and  th e  l o c a t i o n  o f  
Polyphem us p a t c h e s , and  th e  in d ep en d e n c e  o f  t h i s  
c o r r e l a t i o n  w ith  s e a s o n . A p o s i t i v e  c o r r e l a t i o n  
was a s s ig n e d  when a  p a tc h  was fo u n d  i n  th e  down­
wind s e c t io n  o f  th e  l a k e .  No c o r r e l a t i o n  was 
a s s ig n e d  i f  1 . a  p a tc h  was n o t  fo u n d  i n  th e  down­
w ind la k e  s e c t io n  b u t  i n  a n o th e r  s e c t i o n ,  2 . a  
p a tc h  was found  when w ind d i r e c t i o n  was v a r i a b l e ,  
o r  3 . a  p a tc h  was found  when i t  was ca lm . 9/64- 
sa m p lin g  d a te s  c o u ld  n o t  be c l a s s i f i e d  b e c a u se  
no p a tc h  was o b se rv e d  and  w ind d i r e c t i o n  was 
v a r i a b l e  o r  ca lm .
C o r r e la t io n S p r in g - F a l l  Summer n P e rc e n t
P o s i t iv e  (+) 







n 31 Zh 55
P e rc e n t (+) 68 % 79 %
2
"X. f o r  in d ep en d en ce  = 0 .8 3 3 i 0 .2 5 < p < 0 .5 0  
2
X f o r  w ind c o r r e l a t i o n  = 1 0 .^ 7 3 . P <-0.005
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in  th e  u p p e r  l e f t  c o r n e r  o f  each  map i n  P ig s .  IV -8A -D ), 
su g g e s te d  o th e r  f a c t o r s  may be  more im p o r ta n t  th a n  w ind i n  
r e g u la t in g  p a tc h  fo rm a tio n  and  lo c a t i o n  a t  t h e s e  t im e s .
Examples o f  d a te s  w here w ind d i r e c t i o n  was p o s i t i v e l y  c o r r e ­
la te d  w ith  p a tc h  lo c a t i o n  in c lu d e  F ig s .  IY -8E -E . Exam ples 
of d a te s  w here no c o r r e l a t i o n  was fo u n d  b e tw een  p a tc h  lo c a t i o n  
and w ind d i r e c t i o n  in c lu d e  P ig s .  IV -8G-H.
A s i g n i f i c a n t l y  g r e a t e r  num ber o f  p a tc h e s  w ere o b se rv e d
o
in  l i t t o r a l  s e c t i o n  3 C&- = 1 4 .1 1 , p <  0 .0 0 5 )  th a n  w ould be 
ex p ec ted  f o r  th e  a v e ra g e  l i t t o r a l  s e c t i o n  (T ab le  IY -1 ) .  T h is  
o b s e rv a t io n  p ro v id e d  a d d i t i o n a l  s u p p o r t  to  th e  im p o rta n c e  o f  
wind d i r e c t i o n  a s  an  a b i o t i c  f a c t o r  r e g u l a t i n g  p a tc h  lo c a t i o n  
in  S to n eh o u se  Pond, s in c e  s e c t io n  5 was downwind o f  th e  p r e ­
v a i l in g  w ind d i r e c t i o n  f o r  t h i s  g e o g ra p h ic  a r e a  (a s  s u p p o r te d  
by th e  d a ta  o f  t h i s  s tu d y  and  o f  th e  U .S . N a t io n a l  W eather 
S e r v ic e ) .  The n e x t  g r e a t e s t  num ber o f  p a tc h e s  was o b se rv e d  
in  l i t t o r a l  s e c t i o n  5 (T a b le  I V - l ) , b u t  t h i s  num ber was n o t  
s i g n i f i c a n t l y  d i f f e r e n t  from  a v e ra g e .
E . S e a s o n a l Changes i n  A g g re g a tio n  In d ic e s
T a b le s  IY -3  an d  IY -4  sum m arize s t a t i s t i c a l  a t t r i b u t e s
o f th e  s e a s o n a l  change i n  Polyphem us p o p u la t io n  d i s p e r s io n  f o r
1975 and  1976 , r e s p e c t i v e l y .  P o r  a l l  d a te s  i n  b o th  y e a r s ,
th e  p o p u la t io n  was s t a t i s t i c a l l y  o v e r d is p e r s e d ,  r e g a r d le s s
o f th e  in d e x  u s e d .  However, when r e g r e s s e d  a g a in s t  mean
d e n s i ty  (X ) , th e  v a r ia n c e  to  mean r a t i o  (V/X) and  L lo y d 's  mean 
$
crow ding in d e x  (M) had  h ig h ly  s i g n i f i c a n t  l i n e a r  r e l a t i o n s h i p s  
( c o r r e l a t i o n  c o e f f i c i e n t s  i n  T ab le s  IV -5  and  IV -4 ) w hich
T a b le  IV -3 . 1975 s e a s o n a l  v a r i a t i o n  i n  s e l e c t e d  a g g re g a t io n
in d ic e s  f o r  th e  S to n e h o u se  Pond Polyphem us popu- 
l a t i o n .  X /IP  -  a v e ra g e  Polyphem us d e n s i ty  p e r  
c u b ic  m e te r  o f  la k e w a te r ,  V/X -  v a r ia n c e  o v e r  
jjtean r a t i o  ( P i s h e r 's  c o e f f i c i e n t  o f  d i s p e r s io n ) ,  
M -  L lo y d 's  mean crow ding  in d e x , 2*SE M -  ± 95%  
c o n f id e n c e  i n t e r v a l  w id th  f o r  mean cro w d in g , M/X 
-  L lo y d 's  p a tc h in e s s  in d e x  f o r  l i t t o r a l  a n a  
l im n e t ic  re g io n s  and  f o r  th e  w hole l a k e ,  2*SE 
H/X -  i  95% c o n f id e n c e  i n t e r v a l  w id th  f o r  w hole- 
la k e  e s t im a te s  o f  p a t c h i n e s s . See t e x t  f o r  
a d d i t i o n a l  in fo r m a t io n .
I l l
MEAN CROWDING LLOYD'S PATCHINESS INDEX (M/X)
DATE x/h3 v/x 2*SE M LITTORAL LIMNETIC WHOLE LAKE 2*SE M/X
5-V-75 3-53 931* 1251* 167 8 8 . 2 0  if - 8 . 2 0  # 3.1*9
20-V-75 17510 26809 1*1*913 19 8 1 8 2.56 * - 2 . 5 6  * 0.83
28-V-75 121+72 15285 27990 1 0 0 2 2 2 .21* * - 2 .21* * O . 5 8
ll-VI-75 1859 2923 1*836 1967 2.38 * 1.56 2 . 6 0  * 0 . 7 8
19-VI-75 1310 1*329 5 8 2 2 3780 3.50 * 2 . 6 3 1* .1*1* * 2 . 2 3
26-VI-75 12 1 3 8222 1011*8 9683 6 . 7 2  * 3 . 6 3 8 . 3 6  * 6.27
3-VII-75 9 0 8 8772 10738 1 2 1 1 3 10.55 * 1 2 . 8 6 11.63 * 10.51
lO-VII- 7 5 372 1767 2265 191*1* i*.77 * 2 . 6 5 6 . 0 9  * 1+.08
15-VII-75 7^7 3289 1*216 3 1 6 6 i*.91* * 7 . 6 3 5.61* * 3.31
2 2 -VII- 7 5 313 10 9 8 11*58 967 3.93 * if. 37 1*. 6 6 * 2.39
2 9 -VII- 7 5 2l*0 1121* 11*29 1109 1*. 83 * 1 . 8 5  * 5-95 * 3.61
5 -VIII- 7 5 280 519 810 372 2 .51* * 1 .51* * 2 . 8 9  * 0.99
1 2 -VIII- 7 5 883 7675 91*13 10195 8.81* » 2 .1*3 * 1 0 . 6 6  ff 9.09
19-VIII-75 2523 36875 1*7563 711*95 13.70 # 3 .71* 18.85 # 2 2 . 1 0
2 5 -VIII- 7 5 1195 121*1*0 15252 17850 10.00 # 2.50 1 2 . 7 6  # 11.76
2-IX-75 791 3657 1*666 361*0 i*.67 * 7.05 5-90 * 3.60
l^-IX-75 2 1 0 9 335H 1*2275 6 0 5 8 9 15-5^ # 9.80 2 0 . 0 5  ff 2 2 . 5 0
25-IX-75 21*60 8108 10981* 781*5 3.20 * 2.85 1* .1*7 * 2 .1*6
9-X-75 2 1 5 2 8 2 9 6 1 0 8 6 6 7571* 3.90 * 3-70 5.01+ * 2 .71*
16-X-75 958 5236 6565 5636 5.25 * 6 . 6 6 6 . 8 5  * 1*. 61
23-X-75 30 2 81*0 1171 681 3 . 0 0  * 6 .1*1* 3.87 * 1.73
30-X-75 77 635 796 91+6 9.39 ^ 2 . 7 0 1 0 .1*0 # 9 . 6 8
6-XI-75 22 125 157 156 6 . 6 0  * - 7.28 * 5.55
13-XI-75 17 11*1 178 22 0 9.27 * - 1 0 .1*0 # 1 0 . 0 6
2 0 -XI- 7 5 1 11 ll* 24 1 6 . 6 8  if - 18.78 if 25.35
corr. coef .*4 r = + 0.93 + 0 .91* 1 + 0 . 1*1*
* Significantly greater than 1.00 (Random) with 95 ^ Confidence.
# Not significantly greater than 1 . 0 0 , but other evidence suggests the
population was extremely aggregated •
t  Correlation coefficient for linear regression of index against X/M^.
T a b le  IV-4-. 1976 s e a s o n a l  v a r i a t i o n  i n  s e l e c t e d  a g g re g a t io n
in d ic e s  f o r  th e  S to n e h o u se  Pond Polyphem us 
p o p u la t io n .  See le g e n d  o f  T ab le  lV -3  f o r  
e x p la n a t io n  o f  sym bols an d  te x ±  f o r  a d d i t i o n a l  
in fo r m a t io n .
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MEAN CROWDING LLOYD■S PATCHINESS INDEX (M/X)
DATE X/M3 v/x *M 2*SE M LITTORAL LIMNETIC WHOLE LAKE 2*SE M/X
15-IV-76 36 578 799 1422 19.67 tt - 22.37 tt 3 0 . 6 0
29-IV-76 2575 25777 32 0 9 1 39*172 U.38 # - 12.46 tt 12.04
7-V-76 7359 51263 63259 6 1 6 0 2 7.92 * 5-35 8 . 6 0  * 6.58
I3 -V- 7 6 U235 53860 68404 54423 5.62 * 8 . 3 2 6.09 * 3-79
19-V-76 1 2 8 7 6 41236 55803 35599 4.00 * 1.14 4 . 3 3  * 2.14
27-V-76 9491 48968 6 1 6 9 7 51049 6 . 0 1  * 1.75 6.50 * 4.21
2-VI-76 5381 18868 25095 I683 7 4.34 * I . 0 3 4.66 * 2.42
9-VI-76 3824 9958 14114 8 0 0 9 3.*13 * 1 . 0 2 3.69 * 1 . 6 0
15-VI-76 2 2 0 6 7 6 1 2 10473 9 6 3 7 4.20 * 2 . 0 0 *1.75 * 3-36
24-VI-76 1812 46974 79228 188595 37.67 tt 1.73 4 3 . 7 2  tt 7 6 . 6 6
2 -VII- 7 6 129 6 2 8 632 9 1 8 6.04 1.43 6.43 5.51
l^-VII-7 6^ - - - - - - - -
2 6 -VII- 7 6 2 80 I82 7 2 2 7 2 2 2 0 8 7.09 * 7-85 8 . 1 0  * 6.18
3 -VIII- 7 6 5 U 2 7 2 2 359*1 4160 6 . 3 0 2.55 7.03 6 . 3 2
1 2-VIII- 7 6 14-96 4268 5932 3688 3 . 6 7  * 3.23 3.97 * I . 6 9
2 3 -VIII- 7 6 248 177 427 154 1 . 6 9 1.05 1.71 0 . 7 2
l-IX- 7 6 335 8 8 0 8 1 4 9 3 6 35772 40.48 tt 2.81 44.63 tt 7 8 . 6 3
lO-IX- 7 6 ll4l 6247 8242 9 6 7 1 6 . 1 2 2.64 7 . 2 2 6 . 5 8
I6 -IX- 7 6 779 79**-9 1075*1 171 0 0 11.75 tt 1 . 9 8 1 3 . 8 0 tt 1 6 . 9 5
2 8 -IX- 7 6 116 6 1 2 0 6 3 16349 2 6 1 7 1 11.90 ft 9 . 6 0 14.03 if 17.33
6 -X- 7 6 1001 3937 5323 5257 4.51 * 2.28 5-32 * 4.06
1 5-X- 7 6 979 9881 13553 2 2 1 9 2 11.57 tt 2 . 1 0 13.84 tt 17.45
2 5 -X- 7 6 299 1 7 6 2 2 3 2 0 2 8 2 6 6.57 - 7.75 7.32
5-XI-76 23 127 166 196 6 . 1 3 - 7.23 6.64
1 5-XI- 7 6 3 39 5*1 101 16.85 tt - 19-85 tt 28.41
corr. coef.^ r = + 0 . 9 1 + 0 . 9 2
1
1 + 0 . 3 0
* Significantly greater than 1.00 (Random) with 95 /» Confidence.
tt Not significantly greater than 1 . 0 0 but other evidence suggests the
population was extremely aggregated
$ Incomplete data. Some of the samples on this date were lost.
14 Correlation coefficient for linear regression of index arainst X/M3 .
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i n d ic a te d  th e s e  in d ic e s  w ere n o t  in d e p e n d e n t o f  p o p u la t io n  
s iz e  an d , t h e r e f o r e ,  w ould n o t  h e  u s e f u l  i n  s e a s o n a l  com pari­
sons .
$
L lo y d 's  p a tc h in e s s  in d e x  (M/X) was in d e p e n d e n t o f  
p o p u la t io n  d e n s i t y  (T a b le s  T V - 3  and  IV -4 ) a n d , i n  g e n e r a l ,  
r e f l e c t e d  th e  s e a s o n a l  changes i n  d i s t r i b u t i o n  p r e s e n te d  
g r a p h ic a l ly  i n  F i g s . IV6- 8 . A lth o u g h  in d e p e n d e n t o f  d e n s i t y ,  
t h i s  in d e x  was o f te n  n o t  e s t im a te d  w ith  enough p r e c i s i o n  to  
a llo w  d a te  b y  d a te  s t a t i s t i c a l  co m p ariso n s  o f  th e  d e g re e  o f  
p a tc h in e s s  i n  th e  Polyphem us p o p u la t io n .  T h is  was u n f o r tu n a te ,  
s in c e  on d a te s  when m apping s u g g e s te d  th e  p o p u la t io n  was 
e x trem e ly  a g g re g a te d ,  p a tc h in e s s  was a l s o  h ig h  b u t  95 % 
c o n fid e n c e  l i m i t s  a b o u t t h i s  in d e x  w ere o f te n  so  w ide i t  was 
n o t s i g n i f i c a n t l y  d i f f e r e n t  from  random  e x p e c ta t io n .  W ith 
th e  e x c e p t io n  o f  s p r in g  1975 ) e a r l y  s p r in g  an d  l a t e  f a l l  
p a tc h in e s s  a v e ra g e d  h ig h e r  th a n  i n  summ er. How ever, when 
la rg e  p a tc h e s  w ere p r e s e n t ,  summer p a tc h in e s s  e q u a l le d  o r  
even ex ceeded  s p r i n g - f a l l  v a lu e s  ( e . g .  12 -  25 A ug. 1975*
1 S e p t .  7 6 , T a b le s  IV -3  and  IV -4 ) .  P a tc h in e s s  was a l s o  
g e n e r a l ly  lo w e r i n  th e  l im n e t ic  th a n  i n  th e  l i t t o r a l  zo n e .
P . L ie l  P a t t e r n s
M e l  p a t t e r n s  o f  h o r i z o n ta l  an d  v e r t i c a l  d i s t r i b u t i o n  
a p p ea red  t o  r e s u l t  from  th e  i n t e r a c t i o n  o f  d i e l  changes i n  
v is u a l ly - m e d ia te d  swimming b e h a v io u r  o f  Polyphem us w ith  w ind- 
in d u ced  w a te r  c u r r e n t s .  D ie l  changes i n  w h o le - la k e  h o r iz o n ta l  
d i s t r i b u t i o n  a r e  b e s t  exam ined i n  c o n ju n c t io n  w ith  r e l a t i v e  
d e n s i ty  maps to  i l l u s t r a t e  t h i s  i n t e r a c t i o n  ( P ig s .  IV -9 -1 2 ) .
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P ig .  IV -9 . D ie l  change i n  h o r i z o n ta l  d i s t r i b u t i o n  o f  th e  
Polyphem us p o p u la t io n  i n  S to n e h o u se  Pond f o r  
D ie l  1 , 11 -12  June 1975* A. T h re e -d im e n s io n a l 
r e p r e s e n t a t i o n ,  X, Y, and  Z ax es  a s  i n  P ig .  
IV -6 . B-D. s p a t i a l  maps o f  p a tc h  l o c a t i o n  f o r  
day  1 ( B ) , n ig h t  (C ) , an d  day  2 (D ), le g e n d  as 
i n  P ig .  IV -8 .
-■ 5 0 » /o  




F ig .  r v - i o .  As F ig .  IV -9 f o r  d i e l  2 , 19 -20  A u g u s t, 1975-
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A lth o u g h  d i f f e r e n c e s  e x i s t e d ,  th e  m ain  c o n s is t e n c ie s  
in  a l l  f o u r  d i e l  s tu d i e s  w ere th e  d i s s i p a t i o n  o f  p a tc h e s  and  
th e  d i s p e r s a l  o f  l i t t o r a l  Polyphem us i n t o  th e  l im n e t i c  zone 
a t  n i g h t .  I n  each  d i e l ,  t h e  l im n e t i c  s u b p o p u la t io n  was s i g ­
n i f i c a n t l y  l a r g e r  a t  n ig h t  th a n  i t  was on d ay  1 ( t - t e s t ,  
p c 0 . 0 5 ) .  C o r re sp o n d in g ly , th e  l i t t o r a l  s u b p o p u la t io n  was 
s i g n i f i c a n t l y  s m a l l e r  a t  n ig h t  th a n  on day  1 . L im n e tic  
s u b p o p u la tio n s  w ere a l s o  s i g n i f i c a n t l y  l a r g e r  a t  n i g h t  th a n  
on day  2 , b u t  o n ly  when th e  p o p u la t io n  moved b ack  i n t o  th e  
l i t t o r a l  zone ( d i e l  1 F ig .  rV -9 , d i e l  4  F ig .  IV -1 2 ) . The 
absence  o f  w ind a t  n ig h t  p ro b a b ly  f a c i l i t a t e d  p a tc h  d i s s i p a t i o n  
and th e  p o p u la t io n  s h i f t  i n t o  th e  l im n e t i c  zon e , and  s u g g e s te d  
t h i s  s h i f t  was r e l a t e d  to  a  d i e l  change i n  swimming b e h a v io u r .  
The d ay tim e p a tc h  lo c a t i o n  was downwind i n  a l l  d i e l s  e x c e p t 
d i e l  2 day  2 ( F ig .  IV-IOD) and  d i e l  4  day  1 ( F ig .  IV -12B ).
The d ay tim e  e s ta b l is h m e n t  o f  p a tc h e s  i n  th e  l i t t o r a l  fo llo w in g  
th e  n i g h t l y  d i s p e r s a l  i n t o  th e  l im n e t ic  was c l o s e ly  r e l a t e d  
to  th e  c o n s ta n c y  o f  w ind d i r e c t i o n  and  th e  m ag n itu d e  o f  i t s  
sp e e d . W ith  s t r o n g  w inds from  a  c o n s ta n t  d i r e c t i o n ,  a  p a tc h  
form ed on th e  downwind s id e  o f  th e  la k e  ( d i e l  1 d ay  2 F ig .
IV-9D, d i e l  4  day  2 F ig .  IV -1 2 B ). I f  w ind was l i g h t  and  i t s  
d i r e c t i o n  was v a r i a b l e ,  a  p a tc h  was n o t  form ed ( d i e l  3 day  2 
F ig .  IV -11D ). B ie l  2 was u n u s u a l i n  t h a t  a  l a r g e  p o r t i o n  o f  
th e  p o p u la t io n  was fo u n d  i n  one huge p a tc h  w hich  m a in ta in e d  
i t s  i n t e g r i t y  when i t  moved i n t o  th e  l im n e t i c  zone a t  n ig h t  
and rem ain ed  th e r e  on day  2 d e s p i t e  s t r o n g  NW w inds ( F ig .
IV -1 0 ) .
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H o r iz o n ta l  d i s p e r s a l  o f  th e  Polyphem us p o p u la t io n  a t  
n ig h t  was p a r a l l e l e d  by  d i s p e r s a l  i n  th e  v e r t i c a l  p la n e .
D ie l  v a r i a t i o n  i n  w h o le - la k e ,  l i m n e t i c ,  an d  l i t t o r a l  v e r t i c a l  
d i s t r i b u t i o n  w ere sum m arized  i n  th e  k i t e  d iag ram s o f  P ig s .  
IV-13A-D. The d ay tim e  v e r t i c a l  d i s t r i b u t i o n  p a t t e r n s  f o r  
l i t t o r a l  an d  l im n e t i c  r e g io n s  and  f o r  th e  w hole  la k e  r e f l e c t e d  
th e  summer p a t t e r n  d e s c r ib e d  i n  P ig .  IV -7 . A t n i g h t ,  how ever, 
th e  p o p u la t io n  was c o n s id e r a b ly  m ore d i s p e r s e d  i n  th e  v e r t i c a l  
p la n e  th a n  i t  was i n  c o r re s p o n d in g  lo c a t io n s  i n  th e  day  ( P i g s . 
IV -IJA -D ). Z and' Z90% w ere s i g n i f i c a n t l y  d e e p e r  a t  n ig h t  
th a n  on e i t h e r  d a y , an d A Z  was s i g n i f i c a n t l y  g r e a t e r  a t  n ig h t  
( p a i r e d  t - t e s t ,  p c O .O O l) ,  th u s  s t a t i s t i c a l l y  s u p p o r t in g  
th e  o b s e rv a t io n  t h a t  th e  p o p u la t io n  was v e r t i c a l l y  more 
d is p e r s e d  a t  n i g h t .
G. D ie l  V a r i a t io n  i n  A g g re g a tio n  I n d ic e s
T a b le  IV -5  sum m arizes a g g r e g a t io n  in d ic e s  c a l c u l a t e d  
f o r  each  d i e l  s tu d y .  I n  g e n e r a l ,  a g g r e g a t io n  in d ic e s  r e f l e c t e d  
changes i n  s p a t i a l  d i s t r i b u t i o n  w hich  w ere g r a p h i c a l l y  p r e ­
s e n te d  i n  P ig s .  IV -9-13*  A t n i g h t ,  when th e  p o p u la t io n  was 
s p a t i a l l y  d i s p e r s e d  i n  h o r i z o n ta l  an d  v e r t i c a l  p l a n e s ,  V/X,
M, and  M/X each  a v e ra g e d  s i g n i f i c a n t l y  lo w e r th a n  f o r  day  1 
o r  day  2 (AITOVA and  D u n can 's  t e s t ,  p < 0 . 0 5 ) .  The o n ly  ex cep ­
t i o n  was on d i e l  1 n i g h t ,  w here p a tc h in e s s  was g r e a t e r  th a n  
on e i t h e r  d a y , b u t  t h i s  d i f f e r e n c e  was n o t  s i g n i f i c a n t  ( p > 0 . 0 5 ) .  
C on fid en ce  l i m i t  co m p ariso n  o f  p a tc h in e s s  a g a i n s t  random 
e x p e c ta t io n  d e m o n s tra te d  t h a t  r e g a r d l e s s  o f  tim e  o f  d a y , th e  
Polyphem us p o p u la t io n  was s i g n i f i c a n t l y  a g g r e g a te d .  C o n fid en ce
F ig .  IV -1 3 . D ie l  v a r i a t i o n  i n  v e r t i c a l  d i s t r i b u t i o n  o f  th e  
t o t a l  Polyphem us p o p u la t io n  o f  S to n eh o u se  Pond. 
A. d i e l  1 , B ._ d ie l  2 , G. d i e l  3 , D. d i e l  4 .  























DAT 1 NIGHT DAY 2
DIEL 1 11-12 JUNE 1975
DAY 2DAY 1 NIGHT
DIEL 2 19 *20 AUG-1975
DAY 1 NIGHT DAY 2




T a b le  T V - 3 -  D ie l  v a r i a t i o n  i n  s e l e c t e d  a g g r e g a t io n  in d ic e s  
f o r  th e  S to re h o u s e  Pond Polyphem us p o p u la t io n .  
See le g e n d  o f  T a b le  T V - 3  f o r  e x p la n a t io n  o f  
sym bols and  te x t; f o r  a d d i t i o n a l  in fo r m a t io n .
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S am pling  p e r io d v / x
Mean Crow ding 
M 959S CL
P a tc h in e s s  
M/X 95%  CL
D ie l  1
11-12 June 1975 
Day 1 








2 .6  0 .8
3 .9  2 .3
2 .9  1 .2
D ie l  2
19-20 Aug. 1975 
Day 1 








1 8 .8  2 2 .1  
2 .7  0 .9  
1 5 .4  16.6
D ie l  3
26-27 J u ly  1976 
Day 1 








8 .1  6 .2  
2 .1  0 .2  
4 . 0  1.9
D ie l  4
12-13 Aug. 1976 
Day 1 








4 .0  1.9  
1.5  0 .2  
19.0  2 1 .7
l i m i t s  a b o u t a g g r e g a t io n  in d ic e s  w ere u n u s u a l ly  w ide f o r  
d i e l  2 day  1 and  day  2 , and  f o r  d i e l  4  day  2 (T a b le  I V - 5 ) , 
b e c au se  a  l a r g e  p e r c e n t  o f  th e  p o p u la t io n  was fo u n d  i n  one
  jJ;_____
p a tc h .  T o r d i e l  s tu d i e s  2 an d  3> V/X, M, and  M/T w ere lo w er 
on day  2 th a n  day  1 (T a b le  IV -5 ) ,  d e m o n s tra t in g  t h a t  
s t a t i s t i c a l  d i s p e r s io n  was lo w e r when a s i g n i f i c a n t  p e r c e n t  
o f  th e  p o p u la t io n  rem ain ed  i n  th e  l im n e t i c  zo n e .
H. D e ta i le d  D e s c r ip t io n  o f  th e  Polyphem us P a tc h
1 . D im ensions an d  i n t e r n a l  s t r u c t u r e
S am pling  and  i n  s i t u  o b s e rv a t io n s  p ro v id e d  
in fo rm a tio n  on th e  d im e n s io n s , c o m p o s it io n , and  i n t e r n a l  
s t r u c t u r e  o f  Polyphem us p a tc h e s .  When a  p a tc h  was s i t u a t e d  
i n  l i t t o r a l  s e c t i o n  3 o r  i t s  a p p ro x im a te  sh a p e  and  s i z e  
c o u ld  be  d e f in e d  by  a  g r id  o f  sam p les  ( P ig .  IV -3 ) w ith  r e s o ­
l u t i o n  o f  5 -10  m e te rs  p a r a l l e l  to  s h o r e ,  20-25  m e te rs  p e rp e n ­
d i c u l a r  to  s h o r e ,  an d  0 .5  m e te rs  v e r t i c a l l y .  U sing  t h i s  
sam p lin g  g r i d ,  35 p a tc h e s  w ere exam ined i n  th e  two y e a r  
sam p lin g  p e r io d .
S p r in g  and  f a l l  p a tc h e s  w ere d e f in e d  a s  n a rro w  b a n d s , 
l e s s  th a n  5 m e te rs  w id e , w ith  t h e i r  lo n g  ax es  p a r a l l e l  to  
s h o re .  T h e ir  e x a c t  l e n g th  was d i f f i c u l t  t o  d e te rm in e  b e c a u se  
th e y  w ere fo u n d  l e s s  th a n  7 m e te rs  from  s h o re  a t  t h e  in n e r  
edge o f  th e  sa m p lin g  g r i d .  I n  s i t u  o b s e r v a t io n s ,  how ever, 
r e v e a le d  th e s e  n e a r s h o re  bands o f  Polyphem us w ere a c t u a l l y  
s m a ll ,  d en se  sw arm s, o v a l t o  c i r c u l a r  i n  s h a p e , w i th in  10 cm 
o f  th e  w a te r  s u r f a c e .  They v a r i e d  i n  d ia m e te r  from  0 .5  to  5 
m e te r s .  As many a s  e ig h t  o f  th e s e  swarms w ere o b se rv ed  in
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s e c t io n  3 a t  one t im e . S am pling  w ith. 20 m e te r  lo n g  tow s was 
o b v io u s ly  to o  c o a r s e  to  d i s t i n g u i s h  th e s e  sw arm s, w h ich , 
c o n s e q u e n tly , a p p e a re d  a s  a  c o n tin u o u s  h an d . M ic ro -sa m p lin g  
w ith in  th e s e  swarms r e v e a le d  i n t e r n a l  d e n s i t i e s  a s  h ig h  as  
492 P olyphem us• l i t e r " ^  (4  l i t e r  sam ple  -  29 A p r i l  1 9 7 6 ) . The 
c o rre sp o n d in g  200 l i t e r  sam ple  (20 m e te r  lo n g  tow ) e s t im a te d  
Polyphemus d e n s i t y  a s  35 i n d i v i d u a l s • l i t e r - \  i n d i c a t i n g  
s e v e r a l  r e l a t i v e l y  l a r g e  in te rsw a rm  gaps w ere sam pled  w ith  
th i s  tow  in  a d d i t i o n  t o  one o r  m ore sw arm s.
I n  th e  summer, Polyphem us p a tc h e s  w ere d e f in e d  b y  th e  
sam p lin g  g r id  a s  m ost o f te n  o v a l o r  r e c t a n g u la r  i n  s h a p e , 
and w ere c e n te r e d  a t  15 m e te rs  from  s h o r e ,  w ith  t h e i r  lo n g  
axes p a r a l l e l  t o  s h o r e .  T h e ir  d im en sio n s  v a r i e d  b e tw een  2 0 - 
50+ m e te rs  lo n g  an d  10 -15  m e te rs  maximum w id th .  Summer 
p a tc h e s , l i k e  th e  s p r in g  and  f a l l  sw arm s, w ere fo u n d  w i th in  
10-20 cm o f  th e  s u r f a c e .  I n  s i t u  o b s e rv a t io n s  an d  p h o to g ra p h y  
s u g g e s te d  th e s e  summer p a tc h e s  w ere , by  d e f i n i t i o n ,  s h o a ls  
o f P o lyphem us. I n t e r n a l  d e n s i ty  o f  th e s e  s h o a ls  v a r i e d  from  
8 - 5 8  Polyphem us • l i t e r " '* ' w ith  an  a v e ra g e  d e n s i ty  o f  15 
i n d i v i d u a l s * l i t e r - ^ .  S h o a l d e n s i t i e s  w ere 3 - 1 2  tim e s  h ig h e r  
th a n  w h o le - la k e  a v e ra g e  d e n s i t i e s .
B ecause o f  t h e i r  r e l a t i v e l y  l a r g e  s i z e  and  h ig h  
i n t e r n a l  d e n s i ty ,  summer s h o a ls  o f te n  c o n ta in e d  a  s i g n i f i c a n t  
p r o p o r t io n  o f  th e  t o t a l  Polyphem us p o p u la t io n .  P o r  exam ple , 
in  th e  w eek ly  s e r i e s  12 A ugust -  14 S ep tem b er 1975 (12  Aug.
-  2 S e p t .  mapped i n  P ig s .  IY -8E-G ; IV -10B; TV-10D), th e  
t o t a l  num ber and  p e r c e n t  o f  th e  t o t a l  Polyphem us p o p u la t io n  
c o n ta in e d  i n  th e  one o b se rv ed  s h o a l  on each  d a te  w ere a s
fo llo w s :  12 A ug. -  2 .7 5 5  x  10^ i n d i v i d u a l s ,  11%; 19 A ug. -
1 .501  x  107 , 90%; 20 Aug. -  1 .4 1 6  x  107 , 98%; 25 Aug. -  7 -823  
x  106 , 45%; 2 S e p t .  -  1 .4 7 2  x  106 , 11%; and  14 S e p t .  -  5 -77  
x  106 , 39%-
The w eek ly  s e r i e s  12 A ug. -  14 S e p t .  1975 a l s o  
p ro v id e d  some i n t e r e s t i n g  o b s e rv a t io n s  on s h o a l  i n t e g r i t y  
and s t r u c t u r e . .  I n t e g r i t y  was o b v io u s ly  m a in ta in e d  i n  th e  
one s h o a l  o b se rv e d  th ro u g h o u t  th e  d i e l  2 p e r io d  (1 9 -2 0  A u g .) 
s in c e  i t  c o n ta in e d  v i r t u a l l y  a l l  o f  th e  Polyphem us p o p u la t io n .  
The h ig h  p e r c e n t ' o f  th e  p o p u la t io n  found  i n  th e  one s h o a l  on 
25 Aug. s u g g e s te d  t h i s  s h o a l  may h av e  m a in ta in e d  i t s  i n t e g r i t y  
f o r  a s  lo n g  a s  a  w eek. H ow ever, s in c e  p a tc h e s  u s u a l l y  d i s ­
s ip a t e d  a t  n ig h t  ( P ig s .  I V -9 - 1 2 ) , m a in ten an ce  o f  p a tc h  
i n t e g r i t y  f o r  lo n g e r  th a n  one day  a p p e a re d  u n l i k e l y  f o r  
P olyphem us.
I n  s i t u  o b s e rv a t io n s  on th e  d i e l  2 s h o a l  and  o th e r  
s h o a ls  r e v e a le d  l im n e t ic  s h o a ls  w ere more d i f f u s e  th a n  t h e i r  
l i t t o r a l  c o u n t e r p a r t s . When fo u n d  i n  th e  l i t t o r a l  zo n e , th e  
d i e l  2 s h o a l  ( F ig .  IV -10B , day  l )  had  a  c o n f ig u r a t io n  t y p i c a l  
o f  summer s h o a l s ,  w ith  a  mean i n t e r n a l  d e n s i ty  o f  50660 -  
1711 Polyphem us I n  th e  l im n e t i c  zone ( F ig .  IV -10D , day
2 ) ,  t h i s  s h o a l  was fo u n d  a t  th e  s u r f a c e  (0  -  25 cm) a s  i t  
was i n  th e  l i t t o r a l  l o c a t i o n ,  b u t  was w id e sp re a d  h o r i z o n t a l l y
4- —  X
and had  an  i n t e r n a l  d e n s i ty  o f  o n ly  3251 -  1432 i n d i v .  M .
In situ close-up photography in 1977 confirmed visual 
observations of Polyphemus orientation within swarms and 
shoals, and suggested that internal density may occasionally 
be much higher than was estimated by sampling. Table IV-6
T a b le  IV -6 . Minimum an d  mean in te r a n im a l  d i s t a n c e  and  
i n t e r n a l  d e n s i t y  o f  s h o a ls  and  swarms o f  
Polyphem us d e te rm in e d  p h o to g r a p h ic a l ly ,  i n  
s i t u  i n  S to n eh o u se  Pond. See t e x t  f o r  
a d d i t i o n a l  in fo r m a t io n .
I n te r a n im a l  d i s t .  (cm) Polyphem us
D ate n Minimum Mean D e n s ity  (cm-^)
3 -May-77 33 0 .2 0 .5 6 .9
Swarm 18 0 ,5 0 .6 5-3
13-M ay-?7 8 0 .3 0 .5 9 .7
Swarm 4 0 .4 0 .5 10 .7
6 0. 5 0 .7 2 .6
13-M ay-77 8 0 .4 0 .9 1 .6
Swarm 6 0 .9 1 .6 0 .2
13 o .4 0 .4 15-3
10 0 .4 0 .4 1 1 .6
25-M ay-77 19 0 .4 0 .7 3-0
Swarm 3 0 .7 1 .2 0 .6
20 o .4 0 .7 2.9  ,
7 0 . 5 0 .8 2 .1
7 - J u ly -7 7 11 0 .6 1 .2 0.6
S h o al 18 o . 6 0-7 3 .0
3 1-5 2 .0 o . l
8 -A u g .-77 7 0 .8 1 .2 0 .5
S h o al 9 1 .1 1 .6 0.2
47 0 .3 0 .4 13.8
13 0 .6 0 .9 1 .6
2 3 - S e p t . -77 6 0 .5 1 .5 0 .3
S h o al 10 0 .7 1 .5 0 .3
1 -N o v .-77 15 0 .4 0 .8 1 .6
Swarm 27 0 .3 0 .5 8 .2
3 0. 5 0 .6 3 .7
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sum m arizes e s t im a te s  o f  i n t e r n a l  d e n s i ty  an d  in t e r - a n im a l  
sp a c in g  b a s e d  on p h o to g ra p h s  ta k e n  w i th in  th e  d e n s e s t  p a r t  
o f  s e l e c t e d  s h o a ls  an d  sw arm s. These p h o to g ra p h s  "sam pled" 
a volum e o f  1 6 .8  cm^ a t  2 :1  m a g n i f ic a t io n  (1 cm. d e p th  o f  
f i e l d )  and  2 5 .2  cm^ a t  3=1. U n f o r tu n a te ly ,  n e t  tow s w ere 
n o t  ta k e n  a t  th e  same tim e  a s  th e  p h o to g ra p h s  to  p e rm it  
d i r e c t  co m p ariso n  o f  d e n s i ty  e s t im a te s  b y  b o th  m eth o d s.
Minimum i n t e r - a n im a l  d i s t a n c e  (T ab le  IV -6 ) r e p r e s e n t s  th e  
a v e ra g e  s h o r t e s t  l i n e a r  d i s t a n c e  b e tw een  two a d ja c e n t  i n d i ­
v id u a ls  i n  a  p h o to g ra p h , and  i n d i c a t e d  t h a t  Polyphem us i n  
swarms " to l e r a t e d "  c l o s e r  d i s ta n c e s  to  n e a r e s t  n e ig h b o rs  
th a n  i n  s h o a l s .  Mean i n t e r - a n im a l  d i s t a n c e  (T a b le  TV-6) 
r e p r e s e n ts  th e  a v e ra g e  d i s t a n c e  b e tw een  a  ran d o m ly  lo c a te d  
in d iv id u a l  and  i t s  s i x  n e a r e s t  n e ig h b o rs  ( C l u t t e r ,  1 9 6 9 ), 
and was a l s o  s h o r t e s t  i n  sw arm s. The cube o f  mean i n t e r ­
an im a l d i s t a n c e  was ta k e n  a s  th e  volum e o f  w a te r  p e r  i n d i v i d u a l ,  
and th e  r e c i p r o c a l  o f  t h i s  volum e was u s e d  a s  an  e s t im a te  o f  
i n t e r n a l  d e n s i t y .  Swarm and  s h o a l  d e n s i t i e s  e s t im a te d  i n  
t h i s  m anner w ere o f te n  more th a n  an  o r d e r  o f  m ag n itu d e  h ig h e r  
th a n  d e n s i t i e s  e s t im a te d  b y  s t r a t i f i e d  s a m p lin g . In  s i t u  
o b s e rv a t io n s  and  p h o to g ra p h y , t h e r e f o r e ,  s u g g e s te d  t h a t  n e t  
tows w ere to o  l a r g e  t o  a c c u r a t e l y  d e s c r ib e  swarm d im e n s io n s , 
and t h a t  th e y  may have u n d e re s t im a te d  maximum d e n s i t i e s  i n  
swarms an d  s h o a ls  b y  more th a n  an  o r d e r  o f  m a g n itu d e .
2 . Swarm and  s h o a l  c o m p o s itio n
To a c c u r a t e l y  f i t  th e  d e f i n i t i o n  o f  swarm o r  
s h o a l ,  th e  a g g re g a te  i n  i t s  u n i t  o f  h a b i t a t  m ust be  composed
p r im a r i ly  o f  in d iv id u a l s  o f  th e  same s p e c i e s .  Seven 
Polyphem us p a tc h e s  w ere s e l e c t e d  f o r  d e t a i l e d  c o m p o s itio n  
a n a l y s i s .  T hese p a tc h e s  w ere ch o sen  from  each  s e a so n  i n  
th e  s tu d y  p e r io d  and  had  th e  h ig h e s t  r e l a t i v e  d e n s i t i e s ,  
a s  d e f in e d  b y  s p a t i a l  m app ing . P ig u re  IV -14 r e v e a le d  th e  
p e r c e n t  c o m p o s itio n  and  d e n s i ty  o f  Polyphem us and  o th e r  
z o o p lan k to n  i n  200 l i t e r  tow s ta k e n  w i th in  p a tc h e s  o r  a d j a ­
c e n t to  them . As can  be  s e e n  from  t h i s  f i g u r e ,  sam ples 
w ith in  a  p a tc h  w ere a lm o s t e x c lu s iv e ly  composed o f  Polyphem us 
i n d i v i d u a l s .  In  n e a rb y  a r e a s ,  Polyphem us had  a  s i g n i f i c a n t l y  
lo w er p e r c e n t  c o m p o s itio n  and  d e n s i t y  ( P ig .  IV -14  and  ANOVA 
on lo g - t r a n s fo rm e d  d e n s i t i e s  w ith  b lo c k  e f f e c t s  rem oved, 
D uncan 's  m u l t ip l e  ra n g e  t e s t  p < 0 . 0 5 ) .  T h ere  w ere a l s o  
s i g n i f i c a n t l y  more n a u p l i i  an d  c a la n o id  c o p e p o d ite s  i n  non­
p a tc h  a r e a s  th a n  w i th in  p a tc h e s  (ANOVA as  a b o v e ) .
I n  th e s e  same se v e n  p a tc h e s  and  a d ja c e n t  a r e a s ,  th e  
c o m p o s itio n  o f  th e  ty p e s  o f  in d iv id u a l s  w i th in  th e  Polyphem us 
p o p u la t io n  was a l s o  exam ined ( P ig .  IV -1 5 ) . I n  g e n e r a l ,  p a tc h  
c o m p o s itio n  r e f l e c t e d  th e  s e a s o n a l  p o p u la t io n  dynam ics o f  
Polyphem us ( F ig s .  IV -4  and  I V -5 ) .  P a tc h  and  no p a tc h  a r e a s  
i n  l a t e  s p r in g  (2 0 -V -7 5 ) and  f a l l  (9-X-75> 15-X -76) w ere 
composed o f  b o th  p a r th e n o g e n e t ic  and  s e x u a l  P o lyphem us, w h ile  
i n  e a r l y  s p r in g  (7 -V -7 6 ) and  summer (1 9 -V II -7 5 , 14-IX -75? 
2 4 -V I-7 6 ) th e y  w ere a lm o s t e x c lu s iv e ly  p a r th e n o g e n e t ic  ( P ig .  
IV -1 5 ) . S i g n i f i c a n t  d i f f e r e n c e s  i n  p e r c e n t  c o m p o s itio n  b e tw een  
p a tc h  and  no p a tc h  a r e a s  w ere n o t  o b se rv e d  ( P ig .  IV -15  and  
ANOVA as  f o r  P ig .  IV -1 4 ) . However, th e  a v e ra g in g  e f f e c t  o f  
200 l i t e r  sam p les on- th e  r e l a t i v e l y  s m a ll  s p r in g  and  f a l l
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F ig .  IV -14 . Z o o p lan k to n  c o m p o s itio n  (%  c o u n te d )  i n s i d e  
s e l e c t e d  Polyphem us p a tc h e s  and  i n  a d ja c e n t  
n o n -p a tc h  a r e a s  o f  S .tonehouse P ond. B -  
Bosmina s p . , Ch -  C h o n o ch ilu s  u n ic o r n is  c o lo n ie s  
( l  c o lo n y  a v e ra g e d  51 i n d i v i d u a l s ) ,  N -  copepod 
n a u p l i i ,  Ca -  c a la n o id  c o p e p o d i te s ,  0 - o t h e r  
z o o p la n k to n  s p e c i e s , p r im a r i l y  H olopedium  
g ibberum  and  D aphnia s p . ,  P -  Polyphem us 
p e d x c u iu s . The num bers w r i t t e n  above th e  b lo ck s  
f o r  each  s p e c ie s  r e p r e s e n t  t h e i r  d e n s i ty  ( in d iv .  
l i t e r - ! ) .
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P ig .  1 7 -1 5 . Polyphem us c o m p o s itio n  (% c o u n te d )  i n s i d e
s e l e c t e d  Polyphem us p a tc h e s  and  i n  two a d ja c e n t  
n o n -p a tc h  a r e a s  o f  S to n eh o u se  P ond . Y -  e a r l y  
i n s t a r  P o lyphem us, P -  p a r th e n o g e n e t ic  f e m a le s , 























swarms may h av e  m asked r e a l ,  b u t  s m a l l - s c a le  ( i n  c e n t im e te r s )  
d i f f e r e n c e s  i n  c o m p o s it io n , l o r  exam ple , m ic ro -sa m p le s  from  
an  e a r l y  s p r in g  swarm r e p o r te d  e a r l i e r  to  hav e  a  d e n s i ty  o f  
492 Polyphem us • l i t e r " '* ' (29 A p r i l  1976) a l s o  r e v e a le d  t h i s  
swarm was composed e x c lu s iv e ly  o f  p a r th e n o g e n e t ic  fem ales  
w ith  huge b ro o d s  o f  m a tu re  embryos ( e . g .  24 embryos • fe m a le - '*'). 
200 l i t e r  sam p les may a l s o  have o b sc u re d  s m a l l - s c a le  d i f f e r ­
ences i n  Polyphem us c o m p o s itio n  w i th in  s h o a l s .  P o r exam ple , 
fo u r  m ic ro -sa m p le s  ta k e n  w i th in  a s h o a l  on 17 A ugust 1976 
r e v e a le d  9 9 -8  % o f  th e  i n d iv id u a l s  w ere e a r l y  i n s t a r  P o lyphem us.
S e a s o n a l changes i n  a g e -d e p th  s t r a t i f i c a t i o n  i n  th e  
Polyphem us p o p u la t io n  w ere exam ined u s in g  th e  r a t i o  o f  ju v e ­
n i l e s  t o  m a tu re  i n d iv id u a l s  i n  s e l e c t e d  s u r f a c e  tows an d  th e  
c o r re s p o n d in g  tow s from  0 .5  m e te rs  o f  d e p th .  I n  th e  s p r in g  
and f a l l ,  a g e -d e p th  s t r a t i f i c a t i o n  was n o t  o b se rv e d  b e c a u se  
o f  th e  l i m i t e d  v e r t i c a l  d i s t r i b u t i o n  i n  th e  p o p u la t io n  ( P ig .  
IV -7 ) . I n  th e  summer, p r o p o r t i o n a l l y  more young w ere fo u n d  
a t  th e  s u r f a c e  and  more p a r th e n o g e n e t ic  fem a le s  w ere found  
a t  0 .5  m e te rs  o f  d e p th  ( p a i r e d  t - t e s t ,  p < 0 . 0 l ) .  A s i g n i f i ­
c a n t ly  g r e a t e r  p r o p o r t io n  o f  p a r th e n o g e n e t ic  fem a les  was 
a l s o  o b se rv e d  below  s h o a ls  o f  Polyphem us th a n  w i th in  s h o a l s .  
A g e -d e p th  s t r a t i f i c a t i o n  d is a p p e a re d  a t  n ig h t  when th e  p o p u la ­
t i o n  d i s p e r s e d .
A v e ra g in g  by  200 l i t e r  sam p les  may h av e  o b sc u re d  s m a l l -  
s c a l e  d i f f e r e n c e s  b e tw een  c o m p o s itio n  o f  s h o a ls  an d  swarms and  
a d ja c e n t  a r e a s ,  p a r t i c u l a r l y  i n  th e  s p r in g  an d  f a l l .  However, 
e x a m in a tio n  o f  th e  d im e n s io n s , o r i e n t a t i o n ,  and  c o m p o s itio n  o f  
Polyphem us a g g re g a te s  u s in g  a co m b in a tio n  o f  s a m p lin g ,
p h o to g ra p h y , an d  i n  s i t u  o b s e rv a t io n  u n e q u iv o c a l ly  s u p p o r t  
th e  u s e  o f  th e  te rm  swarm to  d e s c r ib e  s p r in g  and  f a l l  a g g re ­
g a te s  o f  Polyphem us and  s h o a l  to  d e s c r ib e  summer g ro u p s .
I .  F u n c tio n  o f  S h o a lin g  an d  Swarming
One o f  th e  p r im a ry  p u rp o se s  o f  i n  s i t u  o b s e rv a t io n  
was to  a t te m p t  to  a s s e s s  th e  p o s s i b l e  f u n c t io n  o f  swarms and  
s h o a ls  o f  P o lyphem us. A p p ro x im a te ly  12 h o u rs  w ere s p e n t  
o b se rv in g  i n  s i t u  swarms o f  Polyphem us i n  th e  s p r in g  and  f a l l ,  
and 18 h o u rs  w ere s p e n t  o b s e rv in g  s h o a l s .  S in c e  th e  l a t e  
s p r in g  an d  f a l l  p o p u la t io n  was o f te n  composed o f  e q u a l s e x  
r a t i o s  o f  s e x u a l ly  r e p r o d u c t iv e  in d iv id u a l s  ( F ig .  IV -1 5 ) , i t  
was r e a s o n a b le  to  assum e t h a t  swarms m ig h t r e p r e s e n t  m a tin g  
a g g r e g a t io n s .  Of t h e  c o u n t le s s  num ber o f  i n d iv id u a l s  o b se rv e d  
a t  th e s e  t im e s ,  o n ly  f i v e  m a tin g  p a i r s  w ere s e e n ,  f o u r  p a i r s  
on 26 May 1977 and  one on 1 November 1977- S e x u a l i d e n t i t y  
was d e te rm in e d  b y  c a p tu r in g  th e s e  m a tin g  p a i r s  i n  a n  ey e­
d ro p p e r  and  exam in ing  them  u n d e r  a  m ic ro sc o p e  i n  th e  l a b o r a t o r y .  
When o b se rv e d  i n  s i t u , th e s e  p a i r s  w ere i n  s i m i l a r  p o s i t i o n s  
as w ere m a tin g  in d iv id u a l s  o b se rv e d  i n  th e  l a b o r a to r y ,  w ith  
th e  s m a l l e r  m ale p o s t e r i o r  and  s l i g h t l y  v e n t r a l  to  th e  gamo- 
g e n e t ic  fem a le  and  c la s p in g  h e r  c a u d a l p e d ic l e  w ith  h i s  
th o r a c ic  a p p e n d a g e s . L a b o ra to ry  o b s e rv a t io n s  w ere a l s o  made 
o f l i v e  p la n k to n  sam p les c a p tu re d  from  Polyphem us swarms i n  
4 l i t e r  g la s s  j a r s  and  t r a n s f e r r e d  i n  t o t o  to  a  w in d o w s ill  
l o c a t io n .  L i t t l e  m a tin g  was o b se rv e d  i n  th e s e  j a r s  i n  th e  
m id-day  p e r io d .  A t s u n s e t ,  how ever, a s  many a s  7 -  12 m ated  
p a i r s  w ere o b se rv e d  s im u l ta n e o u s ly  i n  th e  same j a r ,  w ith
c o u p lin g  l a s t i n g  from  15 t o  20 m in u te s .  These c ru d e  l a b o r a to r y  
o b s e rv a t io n s  s u g g e s t  t h a t  m a tin g  o c c u r re d  a t  t w i l i g h t  a n d /o r  
in  e v en in g  p e r io d s  when i t  c o u ld  n o t  e f f e c t i v e l y  be o b s e rv e d . 
C lu t t e r  (1969) o b se rv e d  a  s i m i l a r  te m p o ra l p a t t e r n  o f  m a tin g  
in  m arin e  m ysid  s h rim p . S p r in g  and  f a l l  swarms may, t h e r e ­
f o r e ,  f u n c t io n  a s  m a tin g  a g g r e g a t io n s .  M ating  was n o t  a  
f a c t o r  c o n t r ib u t in g  to  summer s h o a l in g ,  s in c e  th e  p o p u la t io n  
was e x c lu s iv e ly  p a r th e n o g e n e t ic  a t  t h a t  t im e .
L a b o ra to ry  and  f i e l d  f e e d in g  e x p e r im e n ts  s u g g e s t  
Polyphem us f e e d  e x c lu s iv e ly  i n  th e  d a y l ig h t  p e r io d  (M attso n  
and H aney, U n p u b .) . S e v e ra l  i n  s i t u  o b s e rv a t io n s  w ere made 
o f  Polyphem us in d iv id u a l s  f e e d in g  i n  s h o a ls  and  sw arm s, 
how ever, th e s e  o b s e rv a t io n s  w ere b ia s e d  to w ard s  l a r g e  p re y  
su ch  a s  c o lo n ie s  o f  th e  r o t i f e r  C h o n o ch ilu s  u n i c o r n i s . I n  
one h o u r , t y p i c a l l y  2 - 3  Polyphem us in d iv id u a l s  w ere o b se rv e d  
fe e d in g  on C ho n o ch ilu s  c o lo n ie s .  D i r e c t  o b s e rv a t io n  o f  
Polyphem us p r e d a t io n  on s m a ll  p r e y  s p e c ie s  su c h  as  Bosmina 
s p .  and  copepod n a u p l i i  was n o t  p o s s ib l e  b y  th e  m ethods o f  
t h i s  s tu d y .  Polyphem us c a p tu re d  i n  e y e d ro p p e rs  a f t e r  a l t e r i n g  
t h e i r  swimming to  w hat a p p e a re d  t o  be  a n  a t t a c k  b e h a v io u r ,  
o c c a s io n a l ly  w ere found  upon m ic ro s c o p ic  e x a m in a tio n  to  be 
g ra s p in g  p r e y .  P o r  exam ple, f i v e  Polyphem us c a p tu re d  from  
a swarm on 2 June 1976 each  c a r r i e d  a  p a r t i a l l y  e a te n  Bosm ina. 
Mass f e e d in g s  w ere n e v e r  o b s e rv e d . However, th e  l i m i t a t i o n s  
o f  d i r e c t  i n  s i t u  o b s e rv a t io n s  d id  n o t  p e rm it  c o n c lu s io n s  to  
be made a b o u t th e  f u n c t io n  o f  s h o a ls  o r  swarms a s  f e e d in g  
a g g r e g a t io n s .
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4 . P i s c u s s io n
The r e s u l t s  o f  t h i s  s tu d y  d e s c r ib e d  c l e a r l y  s e a s o n a l  
and d i e l  p a t t e r n s  o f  p a tc h in e s s  i n  a  p o p u la t io n  o f  Polyphem us 
p e d ic u iu s . S e v e r a l  q u e s t io n s  a r i s e  c o n c e rn in g  th e  u n d e r ly in g  
p ro c e s s e s  o p e r a t in g  to  p ro d u ce  th e s e  p a t t e r n s ,  su c h  a s  th e  
m echanism  o f  p a tc h  fo rm a t io n ,  th e  f u n c t io n  o f  swarms and 
s h o a ls ,  an d  th e  p o s s ib l e  a d a p t iv e  s i g n i f i c a n c e  o f  th e  o b se rv e d  
p a t t e r n s .  How ever, b e f o r e  th e s e  q u e s tio n s  can  be  a d d re s s e d ,  
an  a t te m p t  s h o u ld  be  made to  e v a lu a te  e f f e c t s  o f  th e  "sam p lin g  
f i l t e r "  (H aury  e t  a l . ,  M a n u sc r ip t)  on th e  d e s c r ib e d  p a t t e r n s .
A. E v a lu a t io n  o f  M ethods
The e f f e c t iv e n e s s  o f  e ach  sa m p lin g  te c h n iq u e  em ployed 
i n  t h i s  s tu d y  depended  l a r g e l y  on th e  te m p o ra l an d  s p a t i a l  
s c a l e  exam ined . The s t r a t i f i e d  d e s ig n  w ith  i t s  r e l a t i v e l y  
l a r g e  sam ples (200 l i t e r )  and  coded lo c a t io n s  d e s c r ib e d  w h o le - 
la k e  s e a s o n a l  and  d i e l  changes i n  abundance and  c o m p o s itio n  
w ith  a  h ig h  d e g re e  o f  p r e c i s i o n .  T h is  p r e c i s i o n  was g a in e d  
i n  p a r t  by  th e  d e s ig n ,  b u t  a l s o  b e c a u se  th e s e  sam p les o b sc u re d  
p a t t e r n s  a t  s m a l l e r  s p a t i a l  an d  te m p o ra l s c a l e s .  Im p re c is e  
e s t im a te s  o f  a g g r e g a t io n  in d ic e s  d e m o n s tra te d  th e  p rob lem s 
o f  a p p ly in g  sam p les  r e l e v a n t  to  r e l a t i v e l y  l a r g e - s c a l e s  to  
a  s m a l l - s c a le  phenom enon.
I t  was e v id e n t  i n  t h i s  s tu d y  t h a t ,  i n  th e  s p r in g  and  
f a l l ,  s e v e r a l  swarms and  gaps w ere sam pled  w ith  each  200 l i t e r  
sam ple (20 m e te r  lo n g  to w ) .  A v e ra g in g , t h e r e f o r e ,  o c c u r re d  
and  a g g r e g a t io n  was m ost p ro b a b ly  u n d e r e s t im a te d .  I n  th e  
summer, when s h o a l  d im en sio n s  w ere s i m i l a r  to  sam ple  u n i t
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s i z e ,  a v e ra g in g  was p ro b a b ly  l e s s  im p o r ta n t .  Even when 
a v e ra g in g  o ccu rred ., t h e  d e g re e  o f p a tc h in e s s  i n  th e  Polyphem us 
p o p u la t io n  was o f te n  s e v e r a l  t im e s  g r e a t e r  th a n  l i t e r a t u r e  
v a lu e s  r e p o r te d  f o r  o th e r  f r e s h w a te r  z o o p la n k to n  ( e . g .  Dumont, 
1967; G eorge, 1 9 7 4 ). In d e e d  th e  Polyphem us p o p u la t io n  p ro b a b ly  
r e p r e s e n ts  an  ex trem e c a s e  o f  a g g re g a t io n  i n  f r e s h w a te r  
z o o p la n k to n .
Wide c o n f id e n c e  l i m i t s  a b o u t L lo y d 's  mean crow ding  
and p a tc h in e s s  in d ic e s  p ro b a b ly  r e s u l t e d  from  t h i s  ex trem e 
a g g r e g a t io n .  S in c e  s e v e r a l  m ethods o f  e s t im a t in g  n e g a t iv e  
b in o m ia l p a ra m e te rs  f a i l e d  t o  im prove th e  p r e c i s i o n  o f  L lo y d 's  
in d ic e s ,  i t  was l i k e l y  t h a t  a n o th e r  compound f re q u e n c y  d i s t r i ­
b u tio n  may h av e  b e t t e r  d e s c r ib e d  th e  Polyphem us p o p u la t io n .
As n o te d  by Anscombe (1 9 5 0 ) , i t  i s  q u i t e  u n l i k e l y  i n  p o p u la ­
t io n s  w ith  m o b ile  fa u n a  w hich  a g g re g a te  f o r  r e p r o d u c t io n ,  
d e fe n s e ,  o r  o th e r  s o c i a l  f u n c t io n s  t h a t  an y  o f  th e  common 
compound f re q u e n c y  d i s t r i b u t i o n s  w i l l  d e s c r ib e  s u c h  p o p u la t io n s  
a d e q u a te ly .  A ttem p ts  t o  d e v e lo p  s t a t i s t i c a l  f re q u e n c y  
d i s t r i b u t i o n s  more a p p l i c a b l e  to  p la n k to n  hav e  m et w ith  some 
s u c c e ss  ( G a s s ie ,  1962; S andusky  and  H orne, 1 9 7 8 ), and  t h i s  
i s  an  a r e a  f o r  a d d i t i o n a l  r e s e a r c h  w hich  s h o u ld  be  a p p ro ac h e d  
u s in g  th e  s m a l l e s t  volum e sam p les a p p r o p r ia t e  f o r  th e  s i z e  
and c h a r a c t e r i s t i c s  o f  th e  s p e c i e s .
An i m p l i c i t  a s su m p tio n  when sam p les from  th e  s t r a t i f i e d  
d e s ig n  w ere u se d  f o r  s p a t i a l  m apping was t h a t  p o p u la t io n  
d i s t r i b u t i o n  d id  n o t  change i n  th e  sa m p lin g  p e r io d  (6  h o u r s ) .  
E v idence has  a l r e a d y  b een  p r e s e n te d  w hich s u g g e s te d  t h i s  was 
n o t a  s e r io u s  problem -, b a se d  on a co m p ariso n  o f  w i th in  d a te
and b e tw een  d a te  v a r i a t i o n  i n  abundance e s t im a te s  ( S e c t io n  I I ) .  
A d d i t io n a l  s u p p o r t  f o r  t h i s  c o n te n t io n  i s  found  i n  th e  s p a t i a l  
maps. S in c e  la k e  s e c t io n s  w ere sam p led  i n  a  random se q u en ce  
in  t im e , i f  p a tc h e s  moved w i th in  a  sa m p lin g  d a te  o r  d i s s o lv e d  
in  one lo c a t i o n  and  form ed i n  a n o th e r ,  t h i s  change w ould 
a p p e a r  a s  s e v e r a l  p a tc h e s  on th e  s p a t i a l  m aps. T h is  m ig h t 
be p a r t i c u l a r l y  im p o r ta n t  i f  a  p a tc h  s t r a d d l e d  th e  a r b i t r a r y  
boundary  b e tw een  a d ja c e n t  la k e  s e c t i o n s ,  w hich w ould r e s u l t  
in  o v e r e s t im a t io n  o f  p a tc h  s i z e .  However, p a tc h e s  w ere r a r e l y  
mapped a c r o s s  s e c t io n  b o u n d a r ie s ,  and  i n  th e  summer o n ly  one 
p a tc h  was found  on m ost sam p lin g  d a t e s .  S e v e r a l  p a tc h e s  w ere 
o b se rv ed  on each  d a te  i n  s p r in g  and  f a l l ,  w hich  m ig h t s u g g e s t  
p a tc h  movement was o c c u r r in g  a t  t h a t  t im e .  However, th e  
s e p a r a t io n  o f  th e s e  p a tc h e s  i n  d i s t a n c e  and  tim e  make i t  
h ig h ly  -u n lik e ly  t h a t  one r a p i d ly  m oving p a tc h  c o u ld  a c c o u n t 
f o r  th e  o b se rv e d  p a t t e r n .  A ls o , i n  s i t u  o b s e rv a t io n s  i n d i c a t e d  
th e  s p r i n g - f a l l  p o p u la t io n  was a c t u a l l y  d i s t r i b u t e d  a s  many 
s m a ll ,  d en se  swarms w hich  w ould a p p e a r  a s  a  few  p a tc h e s  when 
mapped due to  t h e i r  s m a l l  s i z e  r e l a t i v e  to  sam p le  u n i t  vo lum e.
The w h o le - la k e  sa m p lin g  d e s ig n  b e s t  r e v e a le d  p a t t e r n s  
w hich r e s u l t e d  from  th e  Polyphem us p o p u l a t i o n 's  r e s p o n s e  to  
e n v iro n m e n ta l f a c t o r s  s u c h  a s  p h o to p e r io d  o r  w in d -in d u c e d  
w a te r  c u r r e n t s .  P h o to g ra p h y , m ic ro sa m p lin g , and  i n  s i t u  
o b s e rv a t io n  com plem ented t h i s  w h o le - la k e  d e s ig n  by  p r o v id in g  
in fo rm a tio n  on s m a l l - s c a le  phenomena and  th e  b i o l o g i c a l  i n t e r ­
a c t io n s  o f  i n d i v i d u a l s . P h o to g rap h y  an d  m ic ro sa m p lin g  
p ro b a b ly  b e s t  d e s c r ib e d  swarm an d  s h o a l  d e n s i t i e s .  However, 
an im p r a c t i c a l  l a r g e  num ber o f  th e s e  sam ples w ould be  n eed ed
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to  d e s c r ib e  w h o le - la k e  p a t t e r n s  an d  s e a s o n a l  abundance w ith  
th e  same p r e c i s i o n  a s  l a r g e  volum e sa m p le s . I n  s i t u  o b s e rv a ­
t i o n ,  a l th o u g h  l a r g e l y  q u a l i t a t i v e ,  p ro v id e d  th e  b e s t  i n s i g h t  
in to  th e  b e h a v io u r a l  b a s i s  f o r  th e  o b se rv e d  p a t t e r n s .  C le a r ly  
s e v e r a l  s a m p lin g  te c h n iq u e s  a r e  r e q u i r e d  to  d e s c r ib e  and  
i n t e r p r e t  p a t t e r n s  o f  p a tc h in e s s  on s e v e r a l  s p a c e  and  tim e  
s c a l e s .
B. P ro p o se d  M echanism  o f  P a tc h  fo rm a tio n
P a tc h  fo rm a tio n  a p p e a re d  to  be i n i t i a t e d  b y  a b i o t i c  
f a c to r s  an d  m a in ta in e d  by  v i s u a l  c u e s .  D ie l  an d  s e a s o n a l  
changes i n  Polyphem us d i s t r i b u t i o n  s u g g e s te d  th e  im p o rta n c e  
o f l i g h t - r e l a t e d  b e h a v io u r ,  v i s u a l  s t i m u l i ,  and  w in d -in d u c e d  
w a te r  c u r r e n ts  to  p a tc h  fo rm a t io n ,  a l th o u g h  o th e r  f a c to r s  
may a l s o  be  in v o lv e d .  In  t h i s  s tu d y ,  p a tc h e s  and  th e  e n t i r e  
Polyphemus p o p u la t io n  w ere o b se rv e d  to  d i s p e r s e  v e r t i c a l l y  
and h o r i z o n t a l l y  a t  n i g h t .  T h is  o b se rv e d  d i s p e r s io n  s u p p o r te d  
th e  im p o rta n c e  o f  l i g h t  an d  v i s i o n  i n  m a in ta in in g  p a tc h  
i n t e g r i t y  and  d ay tim e  d i s t r i b u t i o n .  B u to r in a  (1971b) o b se rv e d  
s im i l a r  d i e l  changes i n  th e  v e r t i c a l  d i s p e r s io n  o f  P o lyphem us. 
A lso , swarms o f  m a rin e  copepods (Hamner and  C a r le to n ,  1979) 
and m ysid  sh rim p  ( C l u t t e r ,  1969; Z e lick m an , 197^) w ere 
o b se rv ed  to  d i s p e r s e  a t  n ig h t  o r  when v i s u a l  s t i m u l i  from  
o th e r  in d iv id u a l s  w ere a b s e n t .
S e a s o n a l d i f f e r e n c e s  i n  th e  c o n f ig u r a t io n  o f  Polyphem us 
a g g re g a te s  w ere a l s o  o b se rv e d  i n  t h i s  s tu d y ,  and  i n  s i t u  
o b s e rv a t io n s  s u g g e s te d  v i s u a l ly - m e d ia te d  b e h a v io u r  and  ty p e  
o f in d iv id u a l  w ere r e l a t e d  to  t h e s e  d i f f e r e n c e s .  S p r i n g - f a l l
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swarms o f  s e x u a l  in d iv id u a l s  w ere found  c lo s e  to  s h o r e ,  
m a in ta in e d  s h o r t  i n t e r - a n im a l  d i s t a n c e s , an d  re sp o n d e d  to  
e x te r n a l  v i s u a l  s t i m u l i  ( d i v e r 's  h and ) a s  a  c o h e s iv e  u n i t .
Summer s h o a ls  w ere fo u n d  f a r t h e r  from  s h o r e ,  w ere composed 
p r im a r i ly  o f  j u v e n i l e  P o lyphem us, and  w ere l a r g e r  and  more 
lo o s e ly  o rg a n iz e d  th a n  sw arm s. I n d iv id u a l s  i n  s h o a ls  r e a c te d  
to  a  swimming d iv e r  by  s c a t t e r i n g  h o r i z o n t a l l y  i n  d i f f e r e n t  
d i r e c t i o n s ,  b u t  r e jo in e d  th e  s h o a l  when th e  d i s tu r b a n c e  su b ­
s id e d .  R e g u la r  s p a c in g  an d  o c c a s io n a l  p a r a l l e l  o r i e n t a t i o n  
a ls o  s u g g e s te d  th e s e  i n d iv id u a l s  w ere i n t e r a c t i n g  v i s u a l l y .  
B u to r in a  (1963) and  H eal (1962) a l s o  o b se rv e d  summer s h o a ls  
o f  ju v e n i l e  P o lyphem us. O b se rv a tio n s  on a w ide v a r i e t y  o f  
z o o p lan k to n  s u g g e s t  s e x u a l  in d iv id u a l s  form  swarms w h ile  
s h o a ls  a r e  f r e q u e n t ly  fo rm ed b y  one s e x  o r  ag e  c l a s s  ( e .g .
B ran d i and  F ern an d o , 1971; C l u t t e r ,  1969; C o leb ro o k , 1960b; 
K lem etsen , 1 9 7 0 ) . D if f e r e n c e s  i n  th e  eye s t r u c t u r e  betw een  
p a r th e n o g e n e t ic  and  s e x u a l  Polyphem us may h e lp  e x p la in  th e  
a p p a re n t  d i f f e r e n c e s  i n  l i g h t - r e l a t e d  b e h a v io u r ,  s in c e  s e x u a l  
i n d i v i d u a l s , p a r t i c u l a r l y  m a le s , have l a r g e r  eyes th a n  
p a r th e n o g e n e t ic  fem a les  ( B u to r in a ,  1 9 6 8 ).
O b se rv a tio n s  o f  t h i s  s tu d y  a l s o  s u g g e s t  t h a t  w in d - 
in d u ce d  s u r f a c e  w a te r  c u r r e n ts  may in f lu e n c e  Polyphem us p a tc h  
lo c a t io n  and  fo rm a tio n .  Good ev id e n c e  e x i s t s  to  s u p p o r t  th e  
im p o rta n c e  o f  w in d -d r iv e n  w a te r  c u r r e n t s  t o  p a tc h  lo c a t i o n  
and  fo rm a tio n  f o r  s e v e r a l  z o o p la n k to n  s p e c ie s  ( e . g .  A x e lso n , 
1961; C o le b ro o k , 1960a; L a n g fo rd  and  J e rm o la je v ,  1966;
R ag o tz k ie  and  B ry so n , 1953; S ta v in ,  1971)* C o leb ro o k  (1960a) 
d e v e lo p ed  a  t h e o r e t i c a l  m odel w hich  d e m o n s tra te d  how z o o p la n k to n
p a tc h e s  c o u ld  form  on th e  downwind s id e  o f  a  la k e  a s  th e  
r e s u l t  o f  an  i n t e r a c t i o n  b e tw een  z o o p la n k to n  d i e l  v e r t i c a l  
m ig ra t io n  and  w in d -d r iv e n  s u r f a c e  c u r r e n t s  an d  r e s u l t i n g  
i n t e r n a l  s e i c h e .  H is m odel was b a s e d  p a r t l y  on th e  o b se rv a ­
t io n s  o f  E a g o tz k ie  and  B ryson  ( 1 9 5 3 )? w hich  c l e a r l y  d e m o n s tra te d  
th e  fo rm a tio n  o f  D aphnia p a tc h e s  by  h o r i z o n t a l l y  c o n v e rg in g , 
w in d -in d u c e d , s u r f a c e  w a te r  c u r r e n t s .  More r e c e n t l y ,
Kamaykowski (1978) u s in g  a  com puter m odel a p p ro a c h , had  
r e s u l t s  w hich  com pared f a v o ra b ly  w ith  th e  o b s e rv a t io n s  o f  
C olebrook  (1 9 6 0 a ) . In  th e  p r e s e n t  s tu d y ,  how ever, v e r t i c a l  
m ig ra t io n  and  a n  i n t e r n a l  s e ic h e  d id  n o t  e x i s t ,  and  th e  
o b s e rv a t io n s  o f  E a g o tz k ie  and  B ryson (1953) a p p e a r  m ost 
a p p l i c a b l e .
The p a tc h  fo rm a tio n  m echanism  p ro p o se d  i n  t h i s  s tu d y  
can be  d iv id e d  i n t o  s e v e r a l  com ponen ts. The two p r i n c i p a l  
com ponents a r e :  l )  w in d -in d u c e d  s u r f a c e  w a te r  c u r r e n ts  and
2) l i g h t - o r i e n t e d  swimming b e h a v io u r  o f  P o lyphem us. The 
swimming b e h a v io u r  can  be  d iv id e d  i n t o  h o r i z o n ta l  and  v e r t i c a l  
s p a t i a l  co m p o n en ts , and  a  b i o l o g i c a l  i n t e r a c t i o n  com ponent 
w hich depends on th e  ty p e  o f  Polyphem us p r e s e n t  ( s e x u a l  o r  
p a r th e n o g e n e t ic ,  a d u l t  o r  j u v e n i l e ) .  T hese com ponents i n t e r a c t  
on d i e l  and  s e a s o n a l  tim e  s c a l e s  to  p ro d u ce  d i s t r i b u t i o n  
p a t t e r n s  s i m i l a r  to  th o s e  found  i n  t h i s  s tu d y  ( P ig .  IV -1 6 ) .
L a b o ra to ry  s tu d i e s  by  K ik u c h i (1938) and  B u to r in a  
(1969) s u g g e s t  t h a t  i n  low ’ to  m id d le  l i g h t  i n t e n s i t i e s  
Polyphem us a r e  p o s i t i v e l y  p h o t o t a c t i c  and  swim v e r t i c a l l y  i n  
th e  w a te r  colum n, w h ile  i n  h ig h  l i g h t  i n t e n s i t i e s  k i n e t i c  
swimming b e h a v io u r  o c c u rs  i n  th e  h o r i z o n ta l  p la n e .  I n  e x tre m e ly
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F ig .  IV -1 6 . Com partm ent m odel o f  t h e  p ro p o se d  m echanism  o f  
p a tc h  fo rm a tio n  d e l i n e a t i n g  th e  i n t e r a c t i o n  
among m a jo r  e n v iro n m e n ta l and  b i o t i c  com ponents 
to  p ro d u ce  th e  o b se rv e d  d i s t r i b u t i o n  p a t t e r n s .  
Components i n  th e  sh a d e d  a r e a  bounded b y  h eav y  
l i n e s  r e p r e s e n t  b i o l o g i c a l  f a c t o r s  r e l a t e d  to  
th e  b e h a v io u r  o f  i n d i v i d u a l  z o o p la n k te r s .  En­
v iro n m e n ta l  com ponents a r e  o u ts id e  o f  t h i s  
sh ad ed  a r e a .  See t e x t  f o r  a  d e t a i l e d  d e s c r ip ­
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low l i g h t  c o n d i t io n s ,  o r  i n  d i f f u s e  l i g h t ,  swimming was random . 
T h is  p h o t ic  b e h a v io u r  w ould c a u se  Polyphem us t o  swim t o  th e  
s u r f a c e  a t  s u n r i s e  and  s u n s e t ,  swim h o r i z o n t a l l y  i n  th e  d ay , 
and  d i s p e r s e  h o r i z o n t a l l y  and  v e r t i c a l l y  a t  n i g h t .  These 
la b o r a to r y  o b s e rv a t io n s  a r e  s u p p o r te d  by  f i e l d  o b s e rv a t io n s  
o f  B u to r in a  (1971b) w hich  s u g g e s t  a  s u n r i s e  and  s u n s e t  a s c e n t  
o f  th e  Polyphem us p o p u la t io n ,  and  by  th e  o b s e rv a t io n s  o f  t h i s  
s tu d y  w hich  d e m o n s tra te d  d ay tim e swimming was p r im a r i l y  i n  
th e  h o r i z o n ta l  p la n e  and  d i s p e r s a l  o f  th e  p o p u la t io n  o c c u r re d  
a t  n i g h t .  I f  t h i s  d ay tim e  h o r i z o n ta l  swimming was r e g u la te d  
by  a  s h o r e l in e  a t t r a c t i o n  m echanism  a s  opposed  to  th e  s h o r e ­
l i n e  a v o id a n c e  m echanism  p ro p o se d  by  S ie b e c k  and  R in g e lb e rg  
(1 9 6 9 ), Polyphem us w ould te n d  to  a g g re g a te  i n  n e a r - s h o r e  
re g io n s  i n  th e  d ay . The c o n f ig u r a t io n  o f  th e s e  n e a r - s h o r e  
a g g re g a t io n s  w ould depend on th e  ty p e  o f  in d iv id u a l s  i n  th e  
p o p u la t io n .  S e x u a l i n d iv id u a l s  w ould te n d  t o  form  sw arm s, 
w h ile  e a r l y  i n s t a r  and  p a r th e n o g e n e t ic  i n d iv id u a l s  w ould form  
s u r f a c e  s h o a l s .  S u r fa c e  w a te r  c u r r e n t s  g e n e ra te d  b y  w ind 
a c t io n  w ould c o n c e n t r a te  t h e s e 'f e h o r e l i n e - a t t r a c t e d "  Polyphem us 
on th e  downwind s id e  o f  th e  l a k e .  Polyphem us swimming 
b e h a v io u r ,  a l th o u g h  k i n e t i c  i n  th e  h o r i z o n ta l  p la n e ,  w ould 
be d i r e c t e d  to w ard s  th e  downwind s id e  o f  th e  la k e  by  w ind 
b lo w in g  from  a  r e l a t i v e l y  c o n s ta n t  d i r e c t i o n ,  and  a p p e a r  
u n d i r e c te d  when i t  was r e l a t i v e l y  calm  o r  when w ind d i r e c t i o n  
was v a r i a b l e  o r  d e f l e c t e d  by s h o r e l i n e  s t r u c t u r e s .
O b se rv a tio n s  e x i s t ,  t h e r e f o r e ,  w hich  s u p p o r t  many o f  
th e  a ssu m p tio n s  o f  t h i s  p a tc h  fo rm a tio n  m echanism . How ever, 
t h i s  does n o t  r u le  o u t o th e r  e q u a l ly  a t t r a c t i v e  h y p o th e s e s .
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F u tu re  r e s e a r c h  on th e  s p a t i a l  o r i e n t a t i o n  an d  swimming 
b e h a v io u r  o f  Polyphem us an d  o th e r  z o o p la n k to n  w i l l  he  m ost 
u s e f u l  i n  e v a lu a t in g  th e  a s su m p tio n s  o f  t h i s  p ro p o se d  m echanism .
C. P o s s ib le  A d a p tiv e  S ig n i f i c a n c e  and  F u n c tio n  o f  th e  
O bserved  P a t t e r n s  o f  P a tc h in e s s
O b s e rv a tio n s  o f  t h i s  s tu d y  s u g g e s t  s p r in g  and  f a l l  
sw arm ing was l in k e d  w ith  s e x u a l  r e p r o d u c t io n .  C l u t t e r  (1 9 6 9 ) , 
B ran d i an d  F ernando  (1971) an d  o th e r s  h av e  a l s o  s u g g e s te d  
z o o p la n k to n  may swarm to  f a c i l i t a t e  m a tin g . Even w ith o u t  
sw arm ing , th e  l i m i t e d  n e a r s h o r e  d i s t r i b u t i o n  o f  th e  Polyphem us 
p o p u la t io n  i n  th e  s p r in g  and  f a l l  w ould i n c r e a s e  d e n s i ty  and  
c o n s e q u e n tly  th e  p r o b a b i l i t y  o f  f in d in g  a  m a te . In  a d d i t i o n  
to  in c r e a s e d  c o p u ld t io n  s u c c e s s ,  t h i s  n e a r s h o r e  d i s t r i b u t i o n  
may i n c r e a s e  th e  h a tc h in g  s u c c e s s  o f  r e s t i n g  eggs w hich  r e s u l t  
from  m a tin g . Polyphem us r e s t i n g  e g g s , u n l ik e  e p h ip p ia  o f  m ost 
C la d o c e ra , s in k  and  a r e  en c a se d  i n  a  s t i c k y ,  g e la t in o u s  
e n v e lo p e . I f  t h e s e  r e s t i n g  eggs r e q u i r e  a  h a tc h in g  s t im u lu s  
w hich i s  fo u n d  o n ly  i n  th e  l i t t o r a l ,  e .g .  d e s s i c a t i o n  o r  
f r e e z in g  and  th a w in g , th e n  eggs d ro p p ed  i n  n e a r s h o re  re g io n s  
w ould rem a in  t h e r e  b y  a d h e r in g  to  v e g e ta t io n  an d  se d im e n ts  
and hav e  a g r e a t e r  h a tc h in g  s u c c e s s  th a n  eggs i n  a n a e ro b ic  
l im n e t ic  s e d im e n ts .
P o p u la t io n  s e l f - r e g u l a t i o n  may b e  an  im p o r ta n t  f u c t io n  
o f  sw arm ing an d  s h o a l in g  ( C l u t t e r ,  1 9 6 9 ) . F o r P o lyphem us, 
th e  c o n c u r re n c e  o f  th e s e  a g g r e g a t io n s  w ith  p o p u la t io n  e v e n ts  
s u g g e s ts  th e y  may p ro v id e  in fo r m a t io n  to  in d iv id u a l s  on 
p o p u la t io n  d e n s i t y  o r  r e l a t e d  f a c t o r s  (H u tc h in so n , 1967) w hich
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h e lp s  s t i m u l a t e  th e  o n s e t  o f  s e x u a l  r e p r o d u c t io n .  Polyphem us 
i n  s h o a ls  and  swarms e x p e r ie n c e  p o p u la t io n  d e n s i t i e s  a t  l e a s t  
an  o r d e r  o f  m ag n itu d e  more th a n  i f  th e y  w ere random ly  d i s p e r s e d .  
S in c e  th e s e  a g g r e g a t io n s  o c c u r  p r im a r i l y  i n  th e  d ay tim e  when 
Polyphem us does m ost o f  i t s  f e e d in g  (M a ttso n  and  H aney,
U n p u b l.) ,  l o c a l i z e d  fo o d  l i m i t a t i o n  may o c c u r .  T h is  fo o d  
l i m i t a t i o n  m ig h t s t i m u l a t e  s e x u a l  r e p r o d u c t io n ,  w hich  does 
n o t  c o n t r ib u t e  im m e d ia te ly  to  p o p u la t io n  g ro w th  s in c e  o n ly  
r e s t i n g  eggs a r e  p ro d u c e d . T h e re f o re ,  p o p u la t io n  g ro w th  w ould 
be e f f e c t i v e l y  l i m i t e d  b e f o r e  th e  fo o d  s u p p ly  was t o t a l l y  
d e p le te d .  The one l a r g e  s h o a l  o b se rv e d  f o r  s e v e r a l  weeks i n  
l a t e  summer o f  1975 (an d  1976) may have h e lp e d  s t i m u l a t e  th e  
o n s e t  o f  s e x u a l  r e p r o d u c t io n  and  sw arm ing i n  th e  f a l l ,  e i t h e r  
as  th e  s o le  s t im u lu s  o r  a c t i n g  i n  c o n ju n c t io n  w ith  e n v iro n m e n ta l 
f a c to r s  s u c h  a s  p h o to p e r io d  a n d /o r  d e c l in in g  w a te r  t e m p e r a tu r e s .  
S im i l a r ly ,  th e  n e a r s h o r e  s p r in g  d i s t r i b u t i o n  ( P ig .  IY -6 ) may 
have f u n c t io n e d  a s  a  l a r g e  s h o a l  and  h e lp e d  s t i m u l a t e  s e x u a l  
r e p ro d u c t io n  an d  sw arm ing .
C an n ib a lism  has a l s o  b een  s u g g e s te d  as  a  means o f  
p o p u la t io n  s e l f - r e g u l a t i o n  w hich  c o u ld  o c c u r  i n  swarms an d  
s h o a ls  ( C l u t t e r ,  1 9 6 9 ). A lth o u g h  c a n n ib a l is m  on young has  
been  r e p o r te d  f o r  Polyphem us ( B u to r in a ,  1 9 7 1 a ) , i t  was m ost 
l i k e l y  an  a r t i f a c t  o f  crow ded l a b o r a to r y  c o n d i t io n s  s in c e  i t  
was o b se rv e d  i n  t h i s  s tu d y  i n  l a b o r a to r y  c o n ta in e r s  b u t  n o t  
i n  s i t u . A ls o , s e p a r a t i o n  o f  young from  a d u l t s  i n  summer 
s h o a ls  an d  b y  d e p th  s t r a t i f i c a t i o n  w ould p r e c lu d e  c a n n ib a l is m .
Swarming and  s h o a l in g  may f u n c t io n  to  re d u c e  p r e d a t io n  
by d e c r e a s in g  th e  f re q u e n c y  o f  e n c o u n te r  b e tw een  p r e d a to r  and
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p r e y .  T h is  id e a  a p p e a rs  w id e ly  a c c e p te d  i n  th e  f i s h e r i e s  
l i t e r a t u r e  ( e . g .  B rock and  R if f e n b u rg ,  I9 6 0 ; C o lg an , 1974-; 
G ushing an d  J o n e s ,  1968; S e g h e r s , 1974-; Shaw, 1978; and  V in e , 
1971) and. has  b een  e x ten d e d  to  z o o p la n k to n  p o p u la t io n s  
( C l u t t e r ,  1969; Hamner and  C a r le to n ,  1 9 7 9 ). By o ccu p y in g  
s u r f a c e  and  l i t t o r a l  w a te r s , Polyphem us in d iv id u a l s  a r e  
e x tre m e ly  v u ln e r a b le  to  v i s u a l  p r e d a t io n .  Swarming o r  s h o a l in g  
w ould a p p e a r  to  be m ost u s e f u l  i n  re d u c in g  p r e d a t io n .  In  
S to n eh o u se  Pond, how ever, v i s u a l  p r e d a t io n  by  v e r t e b r a t e s  i s  
p ro b a b ly  n o t  as  im p o r ta n t  a s  i t  may be i n  o th e r  l a k e s ,  s in c e  
l a r v a l  f i s h  a r e  n o t  p r e s e n t  b e c a u se  th e  la k e  i s  r e c la im e d , 
o n ly  a r t i f i c i a l  b a i t  i s  a l lo w e d , and  a  b ro o k  t r o u t  ( S a lv e l in u s  
f o n t i n a l i s ) p o p u la t io n  i s  m a in ta in e d  e x c lu s iv e ly  by  s to c k in g .
A s u g g e s t io n  t h a t  sw arm ing b y  Polyphem us may be  e f f e c t i v e  i n  
re d u c in g  t r o u t  p r e d a t io n  i s  p ro v id e d  by  g u t  a n a ly s e s  o f  58 
t r o u t  c o l l e c t e d  i n  n e a r - s h o r e  l i t t o r a l  r e g io n s  i n  th e  s p r in g  
and f a l l  (M a ttso n  and  H aney, U n p u b l .) .  E le v e n  o f  th e s e  f i s h  
h ad  Polyphem us i n  t h e i r  g u t s , b u t  o n ly  f o u r  t r o u t  h ad  more 
th a n  f o u r  P o lyphem us. However, g u ts  o f  th e s e  f o u r  t r o u t  w ere 
c o m p le te ly  p ack ed  w ith  Polyphem us s u g g e s t in g  t h a t  o n ly  a  few  
f i s h  f i n d  sw arm s, b u t  when th e y  do th e y  f e e d  i n t e n s i v e l y .
The o v e r a l l  d i s t r i b u t i o n  o f  th e  Polyphem us p o p u la t io n  
may f u n c t io n  to  m in im ize  i n v e r t e b r a t e  p r e d a t io n  e f f e c t s  by  
s p a t i a l l y  s e p a r a t i n g  p r e d a to r  an d  p r e y .  P o r  exam ple , c y c lo -  
p o id  copopods have h ig h  p r e d a t io n  r a t e s  on Polyphem us ( e .g .
2 Polyphem us p e r  c y c lo p o id  p e r  d a y , M attso n  and  H aney, U n p u b l.)  
b u t  w ere found  p r im a r i l y  below  th e  th e rm o c lin e  i n  S to n eh o u se  
Pond. However, p r e d a to r y  i n s e c t s  l i k e  backswim mers and
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d y t i c id s  w ere o f te n  fo u n d  i n  th e  same sam p les  a s  w ere P o lyphem us. 
D is p e rs in g  i n t o  th e  l im n e t ic  a t  n ig h t  w ould a l s o  s u b je c t  th e  
p o p u la t io n  to  p r e d a t io n  b y  C haoborus (F ed o ren k o , 1975)? w hich  
w ere r e g u l a r l y  o b se rv e d  i n  s u r f a c e  sam p les  a t  n i g h t .  The 
r e l a t i v e  im p o rta n c e  o f  t h e s e  p r e d a to r s  s h o u ld  be a s s e s s e d  
b e f o re  th e  a d v a n ta g e s  o f  sw arm ing and  s h o a l in g  w ith  r e s p e c t  
to  p r e d a t io n  can  be e v a lu a te d .
The p a t t e r n s  o f  d i s t r i b u t i o n  o b se rv e d  i n  t h i s  s tu d y  
p ro b a b ly  c o n fe r  a  c o m b in a tio n  o f  th e  above a d v a n ta g e s  to  
i n d iv id u a l s  an d  to  th e  Polyphem us p o p u la t io n .  Swarming a p p e a re d  
to  r e s u l t  from  th e  i n t e r a c t i o n  o f  s e x u a l  in d iv id u a l s  and  may 
f a c i l i t a t e  c o p u la t io n  s u c c e s s  a n d /o r  s u r v i v a l  o f  r e s t i n g  e g g s . 
S h o a lin g  was r e l a t e d  to  th e  i n t e r a c t i o n  o f  th e  Polyphem us 
p o p u la t io n  w ith  i t s  e n v iro n m e n t, and  may be  a  p r e c o n d i t io n  
to  th e  o n s e t  o f  s e x u a l  r e p ro d u c t io n  and  sw arm ing . F u tu re  
r e s e a r c h  s h o u ld  c o n tin u e  to  em phasize  th e  b i o l o g i c a l  a s p e c t s  
o f  z o o p la n k to n  a g g r e g a t io n s ,  an d  to  i n v e s t i g a t e  p ro c e s s e s  
im p o r ta n t  t o  t h e i r  fo rm a tio n  an d  f u n c t io n .
5 . Summary
Tem poral and  s p a t i a l  p a t t e r n s  o f  p a tc h in e s s  w ere 
s tu d i e d  i n  a  p o p u la t io n  o f  Polyphem us p e d ic u lu s  ( L .)  found  i n  
S to n eh o u se  Pond, B a r r in g to n ,  New H am pshire ( F ig .  I V - l ) .
W h o le -lak e  s e a s o n a l  and  d i e l  p a t t e r n s  w ere b e s t  r e v e a le d  u s in g  
a  s t r a t i f i e d  random sa m p lin g  d e s ig n  w ith  200 l i t e r  sam ples 
c o l l e c t e d  from  f ix e d  lo c a t io n s  i n  th e  la k e  ( F ig s .  I Y -2 -3 ) .
In  b o th  1975 and  1976 th e s e  sam p les  w ere u sed  to  r e c o n s t r u c t  
h o r i z o n ta l  an d  v e r t i c a l  d i s t r i b u t i o n  p a t t e r n s .  I n  s i t u
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o b s e r v a t io n s ,  m ic ro sam p les  (4  l i t e r ) ,  and  p h o to g ra p h y  com ple­
m ented  th e  w h o le - la k e  d e s ig n  an d  w ere u s e d  t o  d e s c r ib e  th e  
i n t e r n a l  s t r u c t u r e  an d  b e h a v io u r  o f  Polyphem us w i th in  p a t c h e s .
W h o le -lak e  changes i n  s e a s o n a l  abundance  an d  p o p u la t io n  
c o m p o s itio n  ( P ig s .  IV -4 , TV-5) in f lu e n c e d  p a t t e r n s  o f  h o r i ­
z o n ta l  and  v e r t i c a l  d i s t r i b u t i o n  ( P ig s .  IV -5 , IV -7 ) .  The 
Polyphem us p o p u la t io n  was r a r e l y  fo u n d  below  2 m e te rs  o f  d e p th  
( P ig .  T V -7). I n  th e  s p r in g  and  f a l l  o f  b o th  y e a r s ,  th e  
p o p u la t io n  was fo u n d  e x tre m e ly  c lo s e  to  s h o re  ( P ig .  IV -5 ) .
I n  th e  summer, m ost o f  th e  p o p u la t io n  was fo u n d  i n  th e  l im n e t ic  
zo n e . T h is  h o r i z o n ta l  s h i f t  i n t o  th e  l im n e t i c  zone d i r e c t l y  
fo llo w e d  a  p e r io d  o f  s e x u a l  r e p ro d u c t io n  w hich  o c c u r re d  a t  a  
s p r in g  abundance  maximum. The s h i f t  b ack  i n t o  th e  l i t t o r a l  
zone p re c e d e d  a  f a l l  p e r io d  o f  g am o g en es is .
Polyphem us p a tc h e s  w ere t y p i c a l l y  fo u n d  i n  th e  l i t t o r a l  
zone (T a b le  I V - l ) .  I n  th e  s p r in g  an d  f a l l ,  s e v e r a l  p a tc h e s  
w ere fo u n d  on each  d a t e ,  w h ile  i n  th e  summer g e n e r a l l y  one 
p a tc h  was s e e n  ( P ig .  IV -8 ) .  P a tc h e s  w ere u s u a l l y  fo u n d  on 
th e  downwind s id e  o f  th e  la k e  ( P ig .  T V -8), and  t h e i r  l o c a t i o n  
was h ig h ly  c o r r e l a t e d  w ith  w ind  d i r e c t i o n  a t  th e  tim e  o f  
sa m p lin g  (T a b le  I V - 2 ) .
R e s u l ts  from  f o u r  d i e l  s tu d i e s  (d a y -n ig h t- d a y  s a m p lin g )  
r e v e a le d  Polyphem us p a tc h e s  d i s s i p a t e d  an d  th e  l i t t o r a l  popu­
l a t i o n  d i s p e r s e d  h o r i z o n t a l l y  i n t o  th e  l im n e t i c  zone a t  n ig h t  
( P ig s . I V -9 -1 2 ) . T h is  h o r i z o n ta l  d i s p e r s a l  was p a r a l l e l e d  by  
v e r t i c a l  d i s p e r s a l  i n  th e  u p p e r  5 m e te rs  o f  th e  w a te r  colum n 
( P ig .  IV -1 5 ) . A p p a re n tly  t h i s  p a t t e r n  r e s u l t e d  from  th e
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i n t e r a c t i o n  o f  d i e l  changes i n  Polyphem us swimming b e h a v io u r  
w ith  d i e l  changes i n  w in d -in d u c e d  w a te r  c u r r e n t s .
A g g re g a tio n  in d ic e s  (T a b le s  IV -3 -5 )  p ro v id e d  
s t a t i s t i c a l  s u p p o r t  f o r  s e a s o n a l  and  d i e l  changes i n  
Polyphem us p o p u la t io n  d i s t r i b u t i o n  w hich  w ere g r a p h ic a l ly  
p r e s e n te d  i n  P ig s .  IV -6 -1 3 .
In  s i t u  o b s e rv a t io n s  r e v e a le d  s p r i n g - f a l l  p a tc h e s  
w ere a c t u a l l y  s e v e r a l  d en se  swarms o f  P o lyphem us, o v a l  to  
c i r c u l a r  i n  s h a p e , an d  0 .5  -  5 m e te rs  i n  d ia m e te r ,  w hich 
w ere fo u n d  w i th in  10 cm o f  t h e  la k e  s u r f a c e  and  w i th in  2 
m e te rs  o f  th e  s h o r e .  T hese swarms h ad  i n t e r n a l  d e n s i t i e s  
as  h ig h  a s  15300 P o lyphem us• l i t e r " 1 (T a b le  I V -6 ) .  Swarms 
w ere composed p r im a r i l y  o f  s e x u a l  in d iv id u a l s  ( P ig s .  IV -1 4 , 
IV -1 5 ) •
Summer p a tc h e s  w ere s h o a ls  o f  P o lyphem us, o v a l  to  
r e c t a n g u la r  i n  s h a p e , p a r a l l e l  t o  s h o r e ,  20 -  50 m e te rs  lo n g  
an d  10 -  15 m e te rs  w id e , an d  w ere fo u n d  w i th in  10-20  cm o f  
th e  la k e  s u r f a c e  and  b e tw een  15 -  25 m e te rs  from  s h o r e .
These s h o a ls  h ad  i n t e r n a l  d e n s i t i e s  v a ry in g  b e tw een  8 - 5 8  
i n d i v .  * l i t e r - 1 , an d  o c c a s io n a lly  a s  h ig h  a s  13800 i n d i v .  • l i t e r -1  
(T a b le  I V -6 ) .  S h o a ls  w ere composed p r im a r i l y  o f  j u v e n i l e  
Polyphem us ( F ig s .  IV -14 , IV -1 5 ) .
A p a tc h  fo rm a tio n  m echanism  i s  p ro p o se d  and  sum m arized  
g r a p h i c a l l y  ( P ig .  I V -1 6 ) , and  s u g g e s te d  how th e  s e a s o n a l  
and  d i e l  p a t t e r n s  o f  p a tc h in e s s  d e s c r ib e d  i n  t h i s  s tu d y  m ig h t 
r e s u l t  from  th e  i n t e r a c t i o n  o f  w in d -in d u c e d  s u r f a c e  w a te r  
c u r r e n ts  and  l i g h t - o r i e n t e d  swimming b e h a v io u r  o f  Polyphem us
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i n d i v i d u a l s .  T h is  m echanism  i s  s u p p o r te d  b y  th e  o b s e rv a t io n s  
o f  t h i s  s tu d y  an d  b y  th o s e  fo u n d  i n  th e  l i t e r a t u r e .
F i n a l l y ,  p o s s i b l e  f u n c t io n s  and  a d a p t iv e  a d v a n ta g e s  
o f  th e  o b se rv e d  p a t t e r n s  o f  p a tc h in e s s  a r e  c o n s id e re d .  Swarms 
may f a c i l i t a t e  c o p u la t io n  s u c c e s s  a n d /o r  s u r v i v a l  o f  r e s t i n g  
e g g s . S h o a ls  may p ro v id e  in fo r m a t io n  to  Polyphem us in d iv id u a l s  
on p o p u la t io n  d e n s i ty  o r  r e l a t e d  f a c t o r s  w hich  h e lp s  s t i m u l a t e  
th e  o n s e t  o f  s e x u a l  r e p r o d u c t io n  an d  sw arm ing . Swarming and  
s h o a l in g  may a l s o  f u n c t io n  to  re d u c e  v e r t e b r a t e  and  i n v e r t e ­
b r a t e  p r e d a t io n  b y  s p a t i a l l y  o r  te m p o ra l ly  s e p a r a t i n g  p r e d a to r  
and p r e y .  T hese a g g r e g a t io n s  p ro b a b ly  c o n f e r  a  co m b in a tio n  
o f  a d v a n ta g e s  upon th e  Polyphem us p o p u la t io n .
6 .  L i t e r a t u r e  C i t e d
Anscom be, F . J .  1950 . S am pling  th e o r y  o f  th e  n e g a t iv e
b in o m ia l  and  lo g a r i th m ic  s e r i e s  d i s t r i b u t i o n s .  B io m e tr ik a  
57: 35 8 -3 8 2 .
A x e lso n , J .  1961 . Z o o p lan k to n  an d  impoundm ent o f  two la k e s  
i n  n o r th e r n  Sweden (R a n sa re n  an d  K u l t s j o n ) .  K e p t. I n s t .  
F reshw . R es . D ro ttn in g h o lm  42 : 8 4 -1 6 8 .
B a r r e t t ,  J .  P . ,  an d  M. N u t t .  1975 . S u rv ey  s a m p lin g  i n  th e  
e n v iro n m e n ta l s c i e n c e s :  a  com pu ter a p p ro a c h . COMPUTE.
D artm outh  C o lle g e , H anover, New H am p sh ire . 319 p .
B l i s s ,  C. I . ,  an d  R. A. P i s h e r .  1953- P i t t i n g  th e  n e g a t iv e  
b in o m ia l d i s t r i b u t i o n  to  b i o l o g i c a l  d a t a ,  an d  n o te  on 
th e  e f f i c i e n t  f i t t i n g  o f  th e  n e g a t iv e  b in o m ia l .  B io m e tr ic s  
9 : 1 7 6 -2 0 0 .
B ra n d i,  Z . ,  and  C. H. F e rn a n d o . 1971- M ic ro a g g re g a tio n  o f  
th e  c la d o c e ra n  C e r io d a p h n ia  a f f i n i s  ( L i l l j e b o r g )  w ith  a 
p o s s i b l e  r e a s o n  f o r  m ic ro a g g re g a tio n s  o f  z o o p la n k to n .
Can. J .  Z o o l. 49 : 775 .
B ro ck , V. E . ,  and  R. H. R if fe n b u rg h .  I9 6 0 . P is h  s c h o o lin g :  
a  p o s s i b l e  f a c t o r  i n  re d u c in g  p r e d a t io n .  J .  C ons. Cons. 
I n t .  E x p lo r .  M er. 25: 307-317-
B u to r in a ,  L . G. 1963- Some d a ta  on th e  d i s t r i b u t i o n  and
l i f e  c y c le  o f  Polyphem us p e d i c u i u s . /Tin R u s s ia n / .  T r . 
I n s t .  B io l .  V n u tr .  Vod, A kad. Nauk SSSR 6 : 14 3 -1 5 2 .
 . 1968. On th e  r e p r o d u c t iv e  o rg an s  o f  Polyphem us
p e d ic u iu s  ( L . ) .  / i n  R u s s ia n / .  T r .  I n s t . B io l .  V n u tr .
Vod, A kad. Nauk SSSR 17: 4 1 -5 7 -
 . 1969 . Polyphem us p e d ic u iu s  d i s t r i b u t i o n  i n  r e l a t i o n
to  l i g h t  i n t e n s i t y .  /T r a n s . from  R u s s ia n  b y  J .  P . H an ey /. 
T r .  I n s t .  B io l .  V u n tr .  Vod, A kad. Nauk SSSR 19: 1 5 8 -1 6 4 .
 . 1971a. I n t e n s i t y  o f  f e e d in g  o f  Polyphem us p e d ic u iu s
( L .)  i n  dependence  on c o n c e n t r a t io n  o f  fo o d . / I n  R u s s ia n / .  
B io l .  V n u tr .  Vod, I n f .  B y u l l .  10: 35 -39 -
 . 1971b. On th e  d a i l y  m ig ra t io n s  o f  Polyphem us p e d ic u iu s
( L . ) .  /T n  R u s s ia n / .  T r . I n s t .  B io l .  V n u tr .  Vod, A kad.
Nauk SSSR 22: 94 -105-
C a s s ie ,  R. M. 1962 . F req u en cy  d i s t r i b u t i o n  m odels i n  th e
e c o lo g y  o f  p la n k to n  and  o th e r  o rg a n ism s . J .  Anim. E c o l.
31: 6 5 -9 2 .
C l u t t e r ,  R. I .  1969 . The m i c r o d i s t r i b u t i o n  and  s o c i a l  b e h a v io r  
o f  some p e l a g i c  m ysid  s h r im p s . J .  E xp. M ar. B io l .  E c o l.
3: 1 2 5 -1 5 5 .
160
C ochran , W. G. 1977- S am pling  te c h n iq u e s ,  2nd e d . W iley . 428 p .
C o leb ro o k , J .  M. 1 9 6 0 a . P la n k to n  an d  w a te r  movements in  
W inderm ere. J .  Anim. E c o l.  29: 2 1 7 -2 4 0 .
 . 1960b. : Some o b s e rv a t io n s  o f  z o o p la n k to n  swarms i n
W inderm ere. J .  Anim. E c o l.  29: 2 4 1 -2 4 2 .
C o lg an ? P . 1974 . B u ry in g  e x p e rim e n ts  w ith  th e  banded  k i l l i -  
f i s h ,  F undu lus d ia p h a n u s . C opeia  : 2 5 8 -2 5 9 .
C u sh in g , D. H . , and  P . R. H. J o n e s .  1968 . Why do f i s h  s c h o o l?  
N a tu re  218: 9 1 8 -9 2 0 .
D arkov, A. A. 1975- B e h a v io ra l  r e a c t io n s  o f  s c h o o l in g  f i s h e s  
i n  i n d iv id u a l s  o f  th e  same s p e c ie s  an d  th e  q u e s t io n  o f 
s c h o o l  fo rm a tio n .  J .  I c h th y o l .  15: 6 9 1 -6 9 4 .
D ougen ik , J .  A . ,  and  D. E . S h eeh an . 1977- SYMAP u s e r 's  
r e f e r e n c e  m an u a l. L a b o ra to ry  f o r  com pu ter g ra p h ic s  
an d  s p a t i a l  a n a l y s i s .  H arv ard  U n iv e r s i ty .
Dumont, H. J .  1967- A f iv e  day  s tu d y  o f  p a tc h in e s s  i n  
Bosm ina c o re g o n i B a ird  i n  a  s h a llo w  e u tr o p h ic  l a k e .
Mem. I n s t .  I t a l .  I d r o b i o l .  22: 8 1 -1 0 3 .
Em ery, A. R. 1968 . P r e l im in a r y  o b s e rv a t io n s  on c o r a l  r e e f  
p la n k to n .  L im n o l. O ceanogr. 13: 2 9 3 -3 0 3 .
F ed o ren k o , A. Y. 1975 . F e e d in g  c h a r a c t e r i s t i c s  an d  p r e d a t io n  
im p a c t o f  Chaoborus ( D ip te r a ,  C h ao b o rid ae ) l a r v a e  i n  a  
s m a ll  l a k e .  L im n o l. O ceanogr. 20: 2 5 0 -2 5 8 .
F e r r a n t e ,  J .  G. 1974 . C h a r a c t e r i z a t i o n  o f  l im n e t ic  z o o p la n k to n  
p h o sp h o ru s  e x c r e t io n  an d  f a c t o r s  a f f e c t i n g  te m p o ra l 
e x c r e t io n  r a t e s  i n  th e  p h o sp h o ru s  c y c le  i n  a  l a k e .  P h .D . 
t h e s i s  U n iv . New H am p sh ire , Durham, New H am psh ire , 60 p .
G eorge, D. G. 1974-• D is p e r s io n  p a t t e r n s  i n  th e  z o o p la n k to n  
po p u la tio n s  o f  a  e u t r o p h ic  r e s e r v o i r .  J .  Anim. E c o l.
43 : 5 3 7 -5 5 1 .
Hamner, W. M ., and  J .  H. C a r le to n .  1979- Copepod sw arm s: 
A t t r i b u t e s  and  r o l e  i n  c o r a l  r e e f  e c o sy s te m s . L im no l. 
O ceanogr. 24: 1 -1 4 .
H aury , L . R. 1978 . S m a l l - s c a le  p a t t e r n  o f  a  C a l i f o r n i a  c u r r e n t  
z o o p la n k to n  a s se m b la g e . M ar. B io l .  37: 137-157-
 , J .  A. McGowan, an d  P . H. W iebe. M a n u sc r ip t .  P a t t e r n s
and  p r o c e s s e s  i n  th e  t im e -s p a c e  s c a l e s  o f  p la n k to n  d i s ­
t r i b u t i o n s .  P r e s e n te d  a t  th e  NATO A dvanced S tu d y  I n s t i t u t e  
on P la n k to n  P a tc h in e s s ,  S i c i l y ,  November 1977- 48 p .
H e a l, 0 . W. 1962 . N o te  on a  swarm o f  z o o p la n k to n . I r i s h  
N a t .  J .  14: 4 2 -4 3 .
H u tc h in so n , G. E . 1967 . A t r e a t i s e  on lim n o lo g y , v .  2 .
W iley . 1115 p .
Kamykowski, D. 1978- O rganism  p a tc h in e s s  i n  la k e s  r e s u l t i n g  
from  th e  i n t e r a c t i o n  b e tw een  th e  i n t e r n a l  s e ic h e  and  
p la n k to n ic  d iu r n a l  v e r t i c a l  m ig r a t io n .  E c o l .  M odel.
4 : 1 9 7 -2 1 0 .
K ik u c h i, K. 1938 . S tu d ie s  on th e  v e r t i c a l  d i s t r i b u t i o n  o f
th e  p la n k to n ic  C ru s ta c e a  I I .  The r e v e r s a l  o f  p h o to t r o p ic  
and  g e o t r o p ic  s ig n s  o f  th e  p la n k to n  c r u s ta c e a  w ith  
r e f e r e n c e  to  th e  v e r t i c a l  m ovem ent. R ec . O cean o g r. Works 
Ja p a n  10: 1 7 -4 1 .
K lem e tse n , A . 1970 . P la n k to n  swarms i n  Lake G jo k v a tn , E a s t  
F in n m ark . A s t a r t e  3: 8 3 -8 5 -
L a n g fo rd , R. R . ,  an d  E . G. J e rm o la je v .  1966 . D i r e c t  e f f e c t  
o f  w ind on p la n k to n  d i s t r i b u t i o n .  V e rh . I n t e r n a t .
V e re in .  L im n o l. 16: 1 8 8 -1 9 3 .
L lo y d , M. 1967 . Mean c ro w d in g . J .  Anim. E c o l .  36: 1 -3 0 .
M a ttso n , M. T . ,  an d  J .  F . H aney. U n p u b lish e d . F a c to r s  
r e g u l a t i n g  in t r a z o o p la n k to n  p r e d a t io n  by  Polyphem us 
p e d ic u iu s . F in a l  r e p o r t  s u b m it te d  t o  th e  W ater R eso u rces  
R e se a rc h  C e n te r ,  U n iv e r s i ty  o f  New H am psh ire , Durham, U.H.
M au ch lin e , J .  1971 . S e a s o n a l o c c u r re n c e  o f  m ysids (C ru s ta c e a )  
and  e v id e n c e  o f  s o c i a l  b e h a v io u r .  J .  M ar. B io l .  A sso c .
U.K. 51: 8 0 9 -8 2 5 .
P en n ak , R . W. 1943 . An e f f e c t i v e  m ethod o f  d iagram m ing 
d iu r n a l  movements o f  z o o p la n k to n  o rg a n ism s . E c o lo g y  
24: 4 0 5 -4 0 7 .
P ie lo u ,  E . C. 1974 . P o p u la t io n  an d  com m unity e c o lo g y :
p r i n c i p l e s  an d  m eth o d s. Gordon and  B reach  S c i .  P u b is .
424 p .
R adakov, D. "V. 1973- S c h o o lin g  i n  th e  e c o lo g y  o f  f i s h
/T r a n s . from  R u s s ia n  b y  I s r a e l  P rogram  f o r  S c i e n t i f i c  
T r a n s l a t i o n s / .  H a ls te d  P r e s s .  173 P-
R a g o tz k ie , R. A . ,  and  R. A. B ry so n . 1953- C o r r e la t io n  o f  
c u r r e n ts  w ith  th e  d i s t r i b u t i o n  o f  a d u l t  D aphnia i n  
Lake M endota. J .  M ar. R es . 12: 1 5 7 -1 7 2 .
S andusky , J .  C .,  an d  A. J .  H o m e. 1978 . A p a t t e r n  a n a ly s i s
o f  C le a r  Lake p h y to p la n k to n .  L im n o l. O ceanogr. 23 : 6 3 6 -6 4 8 .
162
S e g h e r s , B. H. 1974 . S c h o o lin g  "behavior i n  th e  guppy
(P o e c i l i a  r e t i c u l a t a ) : a n  e v o lu t io n a r y  re sp o n s e  to
p r e d a t io n .  E v o lu t io n  28: 4 8 6 -4 8 9 .
Shaw, E . 1978. S c h o o lin g  f i s h e s .  Amer. S c i .  66 : 166-175-
S ie b e c k , 0 . ,  and  J .  R in g e lb e rg .  1969- S p a t i a l  o r i e n t a t i o n  
o f  p la n k to n ic  c r u s ta c e a n s .  V erh . I n t e r n a t .  "V erein. 
L im no l. 17: 831-847-
S m ith , L . R . , C. B. M i l l e r ,  an d  R. L . H o lto n . 1976 . S m a ll-  
s c a l e  h o r i z o n ta l  d i s t r i b u t i o n  o f  c o a s t a l  c o p e p o d s .
J .  E xp. M ar. B io l .  E c o l .  23: 241-253-
S ta v in ,  R . H. 1971- The h o r i z o n t a l - v e r t i c a l  d i s t r i b u t i o n  
h y p o th e s i s : L angm uir c i r c u l a t i o n s  and  D aphnia d i s t r i ­
b u t io n s  . L im n o l. O ceanogr. 16 : 4 5 3 -4 6 6 .
S t e e l e ,  J .  H. 1974. The s t r u c t u r e  o f  m a rin e  e c o sy s te m s . 
H arv ard  U n iv e r s i ty  P r e s s .  128 p .
V in e , I .  1971- R isk  o f  v i s u a l  d e t e c t i o n  and  p u r s u i t  b y  a  
p r e d a to r  an d  th e  s e l e c t i v e  a d v a n ta g e  o f  f lo c k in g  
b e h a v io u r .  J .  T h e o r. B io l .  30: 4 0 5 -4 2 2 .
W iebe, P . H. 1970 . S m a l l - s c a le  s p a t i a l  d i s t r i b u t i o n  i n  
o c e a n ic  z o o p la n k to n . L im no l. O ceanogr. 15: 205-217-
Z e lick m an , E . A. 1974. Group o r i e n t a t i o n  i n  Neom ysis 
m i r a b i l i s  (M y sid acea : C r u s ta c e a ) .  M ar. B io l .  24: 
2 5 1 -2 5 8 .
